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Editorial on the Research Topic

Microbial regulation of soil carbon cycling in terrestrial ecosystems

The soil organic carbon (SOC) pool is larger than the combined carbon stock in

vegetation and in the atmosphere (Davidson et al., 2000; Schmidt et al., 2011; Scharlemann

et al., 2014). Carbon (C) exchange between soil and the atmosphere is crucial in the terrestrial

C cycle. Soil microbes regulate soil C dynamics through the transformation of plant-derived

C, assimilation of C resources to build up their biomass and necromass, decomposition

of soil organic matter, and CO2 release. The intensity and efficiency of these processes

are critical determinants of net ecosystem C storage and CO2 flux (van Bruggen et al.,

2017; Wang et al., 2021; Buckeridge et al., 2022; Camenzind et al., 2023; Chen et al., 2023;

Tao et al., 2023). Although there is continuing and growing interest in elucidating the

underlying microbial mechanisms driving soil C transformation, stabilization, and release

processes, many challenges still remain in the manipulation of soil microbial communities

for C storage. For example, these challenges include identifying the major players in C

storage and decomposition; determining the genetic basis of the mechanisms involved in C

sequestration; understanding complex interactions between soil physicochemical properties,

plants, and microorganisms over large spatial and temporal scales; and incorporating

microbial community patterns and process rates into ecosystemmodels (Li et al., 2021; Yang

et al., 2022; Barnett and Buckley, 2023; Wu et al., 2023).

This Research Topic has aimed to increase our understanding of the role of

microorganisms in soil organic C storage and mobilization processes, and also to improve

our capacity to develop and evaluate cost-effective microbial strategies for C sequestration

and mitigation of anthropogenic CO2 emissions, ultimately assisting with achievement

of the goals of C neutrality and peak CO2. Altogether, the 11 articles published within

the framework of this Research Topic cover a broad range of the processes of C cycling.

Most studies have attempted to link plant communities, organic matter properties, and the

soil microbiome. Liu et al. examined the characteristics of nutrient release and microbial

diversity structure during the decomposition of three types of litter in arid and semi-arid

regions. They revealed that the nutrient content and the rate of decomposition of mixed
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litter are greatly elevated compared to those of litter of single

species. This is because litter mixing raises the richness and

diversity of the microbial communities. Based on an original soil

microcosm with decomposing corn and soy leaves, as well as soil

adjacent to the leaves, Benucci et al. concluded that microbial

composition was primarily affected by spatial niches, but also by

soil management type and plant species in the fungal microbiome.

Moisture content and pore sizes, however, were the most important

drivers for bacterial communities. Guo et al. evaluated the impact

of natural vegetation restoration on the physical and chemical

properties of soil, as well as the diversity and composition of the

microbial community, in the alkaline–saline soils of the Songnen

Plain, China. Leymus chinensis and Phragmites australis grown

under these harsh conditions increased SOC content and microbial

diversity. Analyzing the spatial variability of soil respiration (RS)

and its drivers in the Northwest Caucasus Mountains, Russia, in

mixed, fir, and deciduous forests, as well as subalpine and alpine

meadows, Sushko et al. concluded that microbial activity plays a

crucial role in spatial variability in RS in forests. Composition of

grasses and herbs, however, was found to be the main driver of

spatial variability in RS in grasslands.

Shu et al. collected soils from degraded grasslands that

had undergone 14 years of ecological restoration involving

planting of shrubs with Salix cupularis alone or shrubs

with Salix cupularis and mixed grasses, and compared

these with soil from an extremely degraded grassland as

a control. The restoration mode and its interaction with

soil depth were crucial for SOC mineralization. Using

metagenomics, Zhang et al. analyzed microbial carbohydrate-

active enzymes in undisturbed, extensively managed, and

intensively managed Moso bamboo plantations. They showed

that extensive and intensive management impacts dead plant

and microbial biomass decomposition and C turnover, resulting

in decreased soil C. They also established that the bacterial

community is the main driver of C turnover in soils under

bamboo plantations.

Linkages between microbial community, C turnover processes,

and potential changes in climate were examined using freeze–

thaw and flood–dry cycles. Yang et al. revealed that freeze–

thaw cycles in boreal forest soils activated dissolved organic

matter (DOM) and increased its biodegradability, hampering

C accumulation and sequestration. These findings highlight

the potential of DOM molecular composition to regulate the

functional states of soil bacterial communities under increased

frequency and intensity of freeze–thaw cycles. Zhu et al.

highlighted the fact that the shift from flooding to drying

in soils collected from a riparian zone of the Three Gorges

Reservoir changes keystone taxa and co-occurrence network

properties, which was found to regulate soil respiration of

soil aggregates.

Wang et al. studied the responses of prokaryotic, fungal, and

cercozoan communities following 5 years of inundation treatments

in an experimental wetland. The inundation treatments altered

microbial communities in coastal wetlands, and the fungal and

cercozoan communities played vital roles in regulating methane

emission through microbial interactions with the methane-

associated community. Jofré-Fernández et al. investigated the role

of soil pH in regulating the production and consumption of

reactive oxygen species (ROS) during biotic and abiotic SOM

decomposition. The activities of lignin peroxidase, manganese

peroxidase, and dye-decolorizing peroxidase were linked with the

production of superoxide anion (O•−

2 ), hydrogen peroxide (H2O2),

and hydroxyl radicals (•OH). The mechanisms of SOM oxidation

by ROS were found to be extremely sensitive to variations in

soil pH and to the stability of oxidant radicals and non-radical

compounds. Li et al. investigated the occurrence of horizontal gene

transfer (HGT) and established the HGT network of C metabolic

genes in 764 soil-borne microbiota genomes. The inter-microbe

HGT genetic traits identified in the genetic sequences of the soil-

borne microbiota, as well as their involvement in the processes of

metabolism and regulation of organic C, suggested the presence of

pervasive and substantial effects of HGT on microbial evolution.

Overall, this Research Topic has presented evidence for

the pivotal role of soil microorganisms in C cycling processes,

the short- and long-term dynamics of microbial community

composition, CO2 flux, and C storage in various ecosystems,

including mixed, fir, and deciduous forests, as well as subalpine

and alpine meadows, grasses, and intensively managed bamboo

plantations. The contributions have expanded our understanding

of the complex interplay between soil physicochemical properties,

vegetation, and microbial communities at various spatial and

temporal scales. These insights hold promise for the development

of effective strategies for C sequestration and for the advancement

of our goals of C neutrality and mitigation of anthropogenic

CO2 emissions.
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Litter mixing promoted 
decomposition rate through 
increasing diversities of 
phyllosphere microbial 
communities
Jiaying Liu 1,2,3, Changjun Ding 2,4*, Weixi Zhang 2,4, Yawei Wei 1,3, 
Yongbin Zhou 1,3 and Wenxu Zhu 1,2
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Research Network (CFERN), Shenyang Agricultural University, Tieling, China, 4 Key Laboratory of 
Tree Breeding and Cultivation of State Forestry Administration, Research Institute of Forestry, 
Chinese Academy of Forestry, Beijing, China

Decomposition of forest litter is an essential process for returning nutrients 

to the soil, which is crucial for preserving soil fertility and fostering the regular 

biological cycle and nutrient balance of the forest ecosystem. About 70% of 

the land-based forest litter is made up primarily of leaf litter. However, research 

on the complex effects and key determinants of leaf litter decomposition is 

still lacking. In this study, we examined the characteristics of nutrient release 

and microbial diversity structure during the decomposition of three types 

of litter in arid and semi-arid regions using 16S rRNA and ITS sequencing 

technology as well as nutrient content determination. It was revealed that the 

nutrient content and rate of decomposition of mixed litters were significantly 

different from those of single species. Following litter mixing, the richness and 

diversity of the microbial community on leaves significantly increased. It was 

determined that there was a significant correlation between bacterial diversity 

and content (Total N, Total P, N/P, and C/P). This study provided a theoretical 

framework for investigating the decomposition mechanism of mixed litters by 

revealing the microbial mechanism of mixed decomposition of litters from the 

microbial community and nutrient levels.

KEYWORDS

litter leaf, mixed decomposition, microbial community, Populus × canadensis 
Moench, Pinus sylvestris var. mongolica

Introduction

Litter, also referred to as organic debris, is a general term for all organic matter in the 
ecosystem created by the withering of above-ground plant components and returned to the 
surface as a source of material and energy for decomposers to maintain ecosystem functions 
(Schlesinger and Lichter, 2001). Leaf litter makes up about 70% of the above-ground forest 
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litter among them. Leaf litter currently dominates 72% of the 
research on litter in forest ecosystems (Jia B. R. et  al., 2018; 
Wymore et al., 2018; Nicolas et al., 2019). The primary source of 
organic matter and nutrients in forest soils is litter decomposition, 
which also plays a crucial role in the energy flow and nutrient 
cycling in forest ecosystems (Swift et al., 1979). It also acts as a link 
between the two carbon pools found in soil and living things 
(Manzoni et al., 2010). It is the catalyst for biogeochemical cycles 
and significantly affects climate change (Nevins et al., 2018). The 
decomposition of leaf litter is a crucial indicator of the functioning 
of an ecosystem’s health because it can return plant carbon, 
nitrogen and phosphorus to the soil and the atmosphere, as well 
as other nutrients. This can have an impact on the global element 
balance, particularly the carbon balance (Cotrufo et al., 2015). 
Statistics show that every year, 68 GtC of carbon dioxide is 
released into the atmosphere by the decomposition of litter, 
making up roughly 70% of the annual carbon flux worldwide 
(Raich and Schlesinger, 1992). It also serves as a rich source of 
nutrients for microorganisms, and is crucial for maintaining soil 
fertility, promoting the regular biological cycle, and maintaining 
the nutrient balance in forest ecosystems (Manzoni et al., 2008; 
Jiang et al., 2013), all of which have long been of great concerned 
to researchers (Gui et al., 2017; Tan et al., 2020).

The nature of the litter, the composition and diversity of the 
decomposer community, soil conditions, and the climate all have 
an impact on how quickly litter decomposes (Handa et al., 2014; 
Stefano, 2017; Han et al., 2019; Sébastien et al., 2021). Climate has 
a significant impact on the rate at which litter decomposes both 
globally and locally. On a smaller scale, the type of the litter itself 
has the greatest impact on how quickly it decomposes. Litter leaf 
quality largely determines the decomposition of litter and the 
release of nutrients and minerals to the soil (Lucas-Borja et al., 
2018), especially the carbon-nitrogen ratio of the litter (Bradford 
et  al., 2016). The quality of this litter substrate will reduce its 
decomposition rate (Xiao et al., 2019), and higher C/N and C/P 
will inhibit the decomposition of leaf litter and its release of 
nutrients (Lucas-Borja et al., 2018). Coniferous litter typically has 
a higher C/N than broad-leaved litter. In view of this, 
understanding the nutrient cycle of leaf litter depends on 
understanding the stoichiometric characteristics of different 
shelterbelt species’ leaf litter.

The qualities of leaf litter (N and C/N) vary greatly between 
different plants, and the properties of leaf litter and the chemical 
structure of organic carbon are significant factors affecting the 
decomposition of the litter (Cotrufo et al., 2015). The primary 
source of leaf litter decomposition and the primary force driving 
the decomposition occurs when plant leaves fall to the ground 
(Davidson and Janssens, 2006; Cornelissen et  al., 2007). The 
quality of the litter and its specialized microorganisms work 
together to cause litter to decompose. Uncertainty persists 
regarding the microbial community changes that occur as various 
plant leaf litter decomposes.

Leaf microbes are microorganisms that live as epiphytes or 
parasites on the leaves of plants (Jia T. et al., 2018; Yao et al., 

2019). Phyllosphere microbial communities have different 
makeups depending on the type of plant and the environment 
it lives in. Although different species’ phyllosphere microbial 
communities differ significantly from one another (Bao et al., 
2019), they all share a similar structure (Wallace et al., 2018). 
As plants progressively wither, variability of phyllosphere 
microbes gradually increases (Ferreira et  al., 2016), and 
changes in phyllosphere microbial communities during 
decomposition (Whipps et al., 2010; Kembel et al., 2014) are 
influenced by leaves’ strong influence on physicochemical 
properties. The abundance of microbial communities 
significantly increased along with the degree of physical and 
biological fragmentation of litter (Guerreiro et  al., 2017). 
Fungi are thought to play a significant role in the 
biogeochemical cycles and the decomposition of leaf litter 
(Osono et  al., 2004). Saprophytic basidiomycetes are the 
primary decomposers of litter and have the ability to break 
down materials that are difficult to decompose, like the 
cellulose found in woody litter (Eichlerová et  al., 2015; 
Urbanová et al., 2015; Baldrian, 2017). Bacteria, which can 
break down cellulose and hemicellulose, are also necessary for 
the decomposition of leaf litter. It is not yet clear, though, 
whether the succession of fungi during the decomposition of 
litter is consistent with bacterial succession. Additionally, and 
There is no information on the dynamic changes in 
phyllosphere microbial composition over time involving 
multiple decomposition stages, and most studies only 
concentrate on one stage of plant leaf decomposition or 
associated leaf litter surface microbes. A though understanding 
of the connection between the microbial community and litter 
decomposition over time can be  gained by studying the 
phyllosphere’s microbial community.

Early research concentrated on the decomposition of a single 
leaf litter, but the majority of leaf litter in forest ecosystems was 
mixed, which had an impact on the nutrient release law during the 
decomposition process (Lu et al., 2020). Coniferous and broad-
leaved litter’s physicochemical differences can have an impact on 
the structure and operation of the litter microbial community (Lin 
et al., 2021). In general, mixed litter has higher fungal and bacterial 
abundances and microbial community diversity than single litter, 
and they have significantly different microbial community 
compositions (Sun et al., 2018; Pereira et al., 2019; Zhang et al., 
2019). This could cause variations in the metabolic functions of 
microbial communities (Li et al., 2015).

Microorganisms are the primary actors in the decomposition 
of litter, according to previous research (Muscolo et al., 2014; Lin 
et  al., 2015; Scheibe et  al., 2015), and they decompose more 
quickly in the decomposition of mixed litter than in the 
decomposition of asingle litter (Patoine et al., 2017; Tonin et al., 
2017). According to some studies, the structure and operation of 
microbial communities can be affected in specific ways by the 
mixing of litter (Wang et al., 2019). This is due to the mixed litter’s 
higher levels of carbon sources and nutrients, which increase the 
nutrient supply to microorganisms and accelerate decomposition 
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through complementary effects (Cline and Zak, 2015; Xiao et al., 
2019). Evidently, there is currently a dearth of knowledge 
regarding the impact of microbial composition on litter 
decomposition. In addition, research on the structure of the 
microbial community involved in the decomposition of litter 
focuses less on that process and instead primarily on the structure 
of the microbial community in the soil (Sun et  al., 2017). 
Therefore, it is useful to understand the mechanism of litter 
decomposition to study the changes in microbial community 
composition during decomposition.

“Three-North” Shelter Forest Program was launched by the 
Chinese government in 1978 in Northwest China, North China 
and Northeast China (collectively referred to as the “Three-North” 
Regions) in an effort to improve the ecological environment. 
Important tree species for afforestation in the “Three-North” 
Shelter Forest Program include Populus × canadensis Moench and 
Pinus sylvestris var. mongolica, both of which have straight trunks, 
a love of light, and a resistance to cold. In order to study the mixed 
decomposition characteristics of litter, Populus  ×  canadensis 
Moench and Pinus sylvestris var. mongolica plantation litter in arid 
and semi-arid regions was chosen as the research object. The 
following hypotheses were put forth: (1) mixed litter 
decomposition altered the physicochemical characteristics of 
leaves in comparison to pure Pinus sylvestris var. mongolica forests; 
(2) conifer litter’s microbial community structure and diversity 
were affected by the addition of Populus × canadensis Moench 
litter; (3) the decomposition of Pinus sylvestris var. mongolica litter 
is accelerated by a mixture of withered leaves from coniferous and 
broad-leaved species. To provide a theoretical foundation for the 
decomposition of leaf litter, it’s necessary to reveal the interactions 
in mixed decomposition of Populus × canadensis Moench and 
Pinus sylvestris var. mongolica.

Materials and methods

Site description

The study site was established in the Liaohe Plain Forest 
Ecological Station of the National Forestry and Grassland 
Administration which is Fujia Forest Farm in Changtu County, 
Tieling City, Liaoning Province (43°21′143″–42°53′623″N, 
123°53′623″–123°53′623″E). It is located in the southeastern 
part of Horqin Sandy Land, at the junction of Liaoning 
Province, Jilin Province, and Inner Mongolia Autonomous 
Region. The topography is flat, and there are a small number 
of sand dunes in the Liaohe throttle. It is a temperate semi-
humid and semi-arid continental climate with an average 
annual precipitation of 400–550 mm, mainly concentrated in 
July and August, and evaporates 1,843 mm per year. The 
maximum temperature was 35.6°C, the lowest temperature 
was −31.5°C, and the average daily temperature was 
6.3°C. The soil type contains low levels of organic substances 
and other nutrients.

Litter sampling

A litter collector of 1 m × 1 m was set up at the study site, and 
fresh litter samples of Populus × canadensis Moench and Pinus 
sylvestris var. mongolica were collected in October 2020. Litter samples 
were then mixed and stored in ice boxes for immediate shipment 
back to the lab. The leaves of Populus × canadensis Moench and Pinus 
sylvestris var. mongolica were air-dried and put into drop bags. The 
collected litter was packed into a nylon mesh decomposition bag with 
a size of 20 cm × 20 cm (the aperture was 1 mm × 1 mm, i.e., 16 mesh). 
The total weight of each bag was 8 g, and the mass ratios of litter leaves 
of Populus × canadensis Moench and Pinus sylvestris var. mongolica 
were 1:0, 1:1, and 0:1 (YS, YZ, and ZS in subsequent analysis). The 
litter bags were kept in a dehumidified, air-conditioned room. A 
decomposition test was set up under a Pinus sylvestris var. mongolica 
stand in April 2021. Eight litter decomposition bags of different 
proportions were set in each plot, and a total of four plots were 
repeated. In July 2021, bags’ surface waste was carefully removed, the 
litter bag retrieved and stored in an ice box for immediate transport 
back to the laboratory. Then 8 litter bags from the same plot were 
mixed, weighed and divided into 2 parts. A piece of the litter was 
dried at 65°C to a constant weight, then weighed to calculate its 
moisture content and total dry weight. The dried litter samples were 
crushed and pulverized through a 0.15 mm sieve (100 mesh). The 
chemical properties of dried litter samples were determined after 
crushing, including total carbon (total C), total nitrogen (total N), and 
total phosphorus (total P). The other part was put into a sterilization 
bag and stored in a − 80°C refrigerator for the determination of 
microbial diversity.

Determination of litter characteristics

An elemental analyzer (Elementar Vario EL III, Germany) was 
used to measure total C and total N in litter (Song et al., 2015). The 
total P in litter was determined by the molybdenum-antimony 
anti-spectrophotometric method (Ba et al., 2020). The weight loss 
rate of litter (Dw) was determined by the drying method.

 
Dw

Mo Mt

Mo
=

−
×100%

In the formula: Dw is the weight loss rate of litter (%), Mo is the 
dry weight (g) of the sample in the decomposition bag at the time of 
delivery, and Mt. is dry weight (g) of litter after sample decomposition.

DNA extraction and amplification 
sequencing

Total DNA extraction was carried out according to the MoBio 
PowerSoil DNA Isolation Kit (MP Biomedicals, Santa Ana, CA, 
United  States) Kit procedure of OMEGA, and each sample was 
weighed at about 0.5 g. A NanoDrop ND-1000 spectrophotometer 
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(Thermo Fisher Scientific, Waltham, MA, United  States)  
determined the quantity and quality of the extracted DNA. Primers 
338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R 
(5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the 
V3-V4 region of the bacterial 16S rRNA gene (Claesson et  al.,  
2009). The fungal ITS region was amplified with primers  
ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2 
(5′-GCTGCGTTCTTCATCGATGC-3′; White, 1994). The PCR 
amplification system has a total of 25 μl, including: DNA template 2 μl, 
each 1 μl upstream and downstream primers (10 μmol·L−1), buffer 5 μl, 
Q5 high-fidelity buffer 5 μl, 0.25 μl high-fidelity DNA polymerase 
(5 U·μl−1), dNTP (2.5 mmol·L−1) 2 μl, ultrapure water (dd H2O) 8.75 μl. 
PCR amplification conditions were first pre-denatured at 98°C for 
2 min, then repeated 25 times in a cycle of 98°C for 15 s, 55°C for 30 s, 
and 72°C for 30 s, and finally extended at 72°C for 5 min. The PCR 
amplicons were purified by using Agincourt AM-Pure Beads 
(Beckman Coulter, Indianapolis, IN), and quantified by using the Pico 
Green dsDNA detection kit (Invitrogen, Carlsbad, CA, United States). 
The PCR products were sequenced by using the Illumina 
NovaSeq  6000 sequencing platform by Shanghai Personal 
Biotechnology Co., Ltd.

Microbial bioinformatics analysis

QIIME2 (2019.4) and UPARSE Pipeline were used to carry out 
correlation calculation and analysis on the original data sequences of 
high-throughput sequencing, and the sequence length was screened 
(Caporaso et al., 2010). QIIME2’s UCLUST, a sequence alignment 
tool, was used to merge the effective sequences with more than 97% 
similarity to OTU, and the sequence with the highest abundance of 
each OTU was selected as the representative sequence of OTU 
(Edgar, 2010), and compared with the template sequence of Silva 
database (Release123)1 to obtain the classification information of each 
OTU (Quast et al., 2012). Then, according to the number of sequences 
contained in each sample, a matrix file of OTU abundance in each 
sample is constructed, namely, OTU table. The richness indices of 
OTUs and diversity index, including Shannon index, Simpson index, 
and Chao1 index, were analyzed.

Statistical analysis

For data processing, Microsoft Excel (2019) was used, and the 
data in the table were all repeated Average ± Standard Error. SPSS 
26.0 was used for statistical analysis. One-way analysis of variance 
was used to analyze the differences in physicochemical properties 
of different litter leaves, and two-way correlation analysis was used 
to compare the relationship between physicochemical properties 
of litter leaves and microbial diversity. Ecologists use alpha 
diversity and beta diversity indices to characterize the diversity of 

1 http://www.arb-silva.de

species within and between habitats, respectively, to 
comprehensively evaluate their overall diversity (Whittaker, 1960; 
Whittaker, 1972). In order to comprehensively assess the alpha 
diversity of microbial communities, Chao1 (Chao, 1984) and 
Observed species indices were used to characterize richness, and 
Shannon (Chiani, 1948; Shannon, 1948) and Simpson (Simpson, 
1949) indices were used to characterize diversity. Evenness was 
characterized by Pielou’s evenness index (Pielou, 1966), and 
coverage by Good’s coverage index (Good, 1953). And the ggplot2 
package of R (R v.3.4.4) was used to draw a boxplot. Principal 
coordinates analysis (PCoA) is one of the most classic 
unconstrained sorting (Classical Multidimensional Scaling, 
cMDScale) analysis methods (Alban, 2010). The differences in the 
β-diversity of litter leaves were analyzed and compared according 
to the OTU table and the ape package of R (R v.3.4.4). Among the 
samples, shared and unique OTUs of litter microbial communities 
were used in R (R v.3.4.4) and the “Venn Diagram” package to 
create Venn diagrams. Heatmaps for the top 50 taxonomic genera 
in each sample were constructed using R (R v.3.4.4) and the 
pheatmap package. The linear discriminant analysis (LDA) effect 
size (LEfSe) method was used to detect potentially biomarker-rich 
taxa based on a cross-group normalized relative abundance matrix 
using default parameters. The CoHeatmap analysis was carried 
out by the genescloud tool2 utilizing the Spearman rank correlation 
coefficient algorithm, R = 0.5. The matrix was constructed using 
Galaxy, an online interactive analysis of microbial community data.

Results

Characterization of physicochemical 
properties of different species of litter

There were extremely significant differences in Dw (p < 0.01, 
F = 3296.941), total C (p < 0.01, F = 20.538), total P (p < 0.05, 
F = 7.668), C/N (p < 0.01, F = 68.247), N/P (p < 0.01, F = 21.415), 
and C/P (p < 0.01, F = 26.931) among the three types of leaf litter, 
but there was no significant difference in the content of total N 
(p > 0.05, F = 4.355), as shown in Table 1. The total C content of YS 
was 679.25 g·kg−1, which was significantly lower than that of YZ 
and ZS, while the total P content (2.31 g·kg−1) was significantly 
higher than that of YZ and ZS (p < 0.01). The total C, total N and 
total P contents of YZ were 879.00 g·kg−1, 57.75 g·kg−1 and 
1.69 g·kg−1, respectively, which were higher than those of ZS. The 
significance rules of N/P and C/P of the three types of litter were 
consistent, and ZS was extremely significantly higher than YS and 
YZ (p < 0.01). The C/N of YZ was significantly different from that 
of YS (p < 0.01), but not significantly different from that of ZS 
(p > 0.05). Dw intuitively represents the rate at which litter 
decomposes. As can be seen from Table 1, YS had the highest 
decomposition rate, followed by YZ, and ZS was the lowest.

2 https://www.genescloud.cn
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Characteristics of microbial community 
composition In different types of litter 
leaves

Venn plots were used to compare OTUs common to and 
unique to bacterial and fungal communities across all samples. At 
the bacterial level, a total of 24,192 OTUs were detected. Among 
them, the OTUs of YS, YZ and ZS were 10,311, 11,586, and 7,876, 
respectively. The total OTU of the three samples was 817. The 
OTUs specific to YS, YZ and ZS were 6,075, 6,999, and 6,372, 
respectively (Figure 1A). At the fungal level, however, the number 
of detected OTUs was only 1,314. Among them, the OTUs of YS, 
YZ and ZS are 608, 750, and 561. The common OTU among them 
was 152. The OTUs specific to YS, YZ, and ZS were 253, 332, and 
276, respectively (Figure  1B). Principal coordinates analysis 
(PCoA) based on Bray-Curtis distance analysis of the different 
samples showed that the composition of bacterial and fungal 
communities between YS, YZ, and ZS were all different, forming 

three disjoint confidence ellipses, and all split along the PCo1 axis 
(Figure 2).

Alpha diversity refers to an index in ecology to estimate the 
richness, diversity and evenness of species and flora. Regarding 
the bacterial alpha-diversity, there was a distinction between the 
alpha diversity of the three litter types, including Chao1 index 
(F = 20.99; p = 0.0073), Goods_coverage (F = 22.77; p = 0.012), 
Shannon index (F = 25.98; p = 0.0073), Simpson index (F = 83.11; 
p = 0.0073), Pielou_e index (F = 43.12; p = 0.0073) and Observed_
species (F = 14.18; p = 0.012). The six indexes of YZ were 
significantly different from those of ZS (p < 0.01), but the indexes 
of YZ and YS were not significantly different (p > 0.05). From 
Figure  3A, it could be  seen intuitively that the Chao1 index, 
Pielou_e index, Shannon index, Simpson index and Observed_
species index of YZ are the highest, followed by YS and ZS the 
lowest. And the Goods_coverage index showed the opposite law, 
namely ZS > YS > YZ. At the fungal level, only YS and YZ had 
significant differences between Pielou_e index (F = 97.84; 

TABLE 1 Differences in physicochemical properties of three types of litter.

Different 
samples

Total C/g·kg−1 Total 
N/g·kg−1

Total P/g·kg−1 C/N N/P C/P Dw/%

YS 679.25 ± 59.28B 54.00 ± 3.16A 2.31 ± 0.85A 12.56 ± 0.36B 25.21 ± 7.06B 315.89 ± 86.75B 20.91 ± 0.09A

ZS 824.50 ± 12.87A 54.00 ± 0.82A 0.78 ± 0.15B 15.27 ± 0.10A 71.75 ± 14.37A 1094.78 ± 214.60A 17.44 ± 0.05C

YZ 879.00 ± 50.50A 57.75 ± 1.50A 1.69 ± 0.43AB 15.21 ± 0.53A 35.79 ± 8.78B 544.44 ± 133.58B 20.20 ± 0.02B

F test 20.538 4.355 7.668 68.247 21.415 26.931 3296.941

Data were means ± standard error (n = 4). Degrees of freedom = 11. Different capital letters meant significant difference at 0.01 level. YS: Populus × canadensis Moench; YZ: 
Populus × canadensis Moench – Pinus sylvestris var. mongolica; ZS: Pinus sylvestris var. mongolica.

A B

FIGURE 1

Venn diagrams showed the unique and shared OTU of litter microorganisms from three different samples. (A) unique and shared OTUs of leaf litter 
bacteria in three different samples; (B) unique and shared OTUs of leaf litter fungal in three different samples. YS: Populus × canadensis Moench; 
YZ: Populus × canadensis Moench-Pinus sylvestris var. mongolica; ZS: Pinus sylvestris var. mongolica.
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p = 0.0073), Shannon index (F = 126.27; p = 0.0073), and Simpson 
index (F = 118.38; p = 0.0073), and there were no significant 
differences between the other indicators and samples (p > 0.05). 
The same as bacteria, YZ had the highest Chao1 index, Pielou_e 
index, Shannon index, Simpson index, and Observed_species 
index. In the above index, except that the Chao1 index of YS was 
higher than ZS, the rest were ZS higher than YS (Figure 3B).

The relative abundance of microorganisms in the samples of 
the three litter types was counted, and the top  10 relative 
abundances were drawn at the phylum level (others are shown) 
and genus level (others not shown), respectively, as shown in 
Figure  4. At the bacterial phylum level, the top  10 relative 
abundances were Proteobacteria, Actinobacteria, Bacteroidetes, 
Acidobacteria, Patescibacteria, Firmicutes, Chloroflexi, 

Cyanobacteria, Verrucomicrobia, Armatimonadetes. The relative 
abundance of Proteobacteria was the highest in ZS at 71.65%, 
followed by YZ (41.32%) and YS (41.00%). On the contrary, 
Actinobacteria had the highest relative abundance in YS at 47.6%, 
followed by YZ (46.23%) and ZS (19.05%). The relative abundance 
of Bacteroidetes was YZ > YS > ZS (Figure  4A). At the fungal 
phylum level, Ascomycota, Basidiomycota, Chytridiomycota, 
Mortierellomycota, Mucoromycota and Olpidiomycota were 
relatively abundant. Among them, only Ascomycota and 
Basidiomycota have relative abundance higher than 1%. The 
relative abundance of Ascomycota is the highest in YS at 82.75%, 
followed by YZ (70.70%) and the lowest in ZS (63.39%); the 
relative abundance of Basidiomycota is just the opposite, that is, 
ZS (33.29%) > YZ (3.38%) > YS (2.08%; Figure 4C).

A

B

FIGURE 2

Priniciple coordinate analysis (PCoA) of Bray-Curtis’ diatance from all samples. (A) PCoA of bacteria communities in different samples; (B) PCoA of 
fungal communities in different samples. YS: Populus × canadensis Moench; YZ: Populus × canadensis Moench-Pinus sylvestris var. mongolica; ZS: 
Pinus sylvestris var. mongolica.
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At the bacterial genus level, the top 10 relative abundances 
were Sphingomonas, Massilia, Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium, Methylobacterium, Actinoplanes, 
Pseudomonas, Devosia, Flavobacterium, Burkholderia-
Caballeronia-Paraburkholderia, and Microbacterium (Figure 4B). 

It is evident from Figure 5A that there was a correlation between 
the physicochemical characteristics of the litter and these 10 
genera. Sphingomonas, Methylobacterium, Pseudomonas, 
Burkholderia-Caballeronia-Paraburkholderia were significantly 
positively correlated with litter N/P, C/P (p < 0.01), and negatively 

A

B

FIGURE 3

Litter microbial diversity index in YS, YZ and ZS. (A) Alpha diversity analysis of leaf litter bacterial community. (B) Alpha diversity analysis of leaf litter 
fungal community. YS: Populus × canadensis Moench; YZ: Populus × canadensis Moench-Pinus sylvestris var. mongolica; ZS: Pinus sylvestris var. 
mongolica. ** meant significant difference at 0.01 level.
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correlated with Dw (p < 0.01). Allorhizobium-Neorhizobium-
Parararhizobium-Rhizobium, Actinoplanes, Devosia, 
Flavobacterium, and Microbacterium were significantly negatively 
correlated with litter N/P, C/P (Flavobacterium, p < 0.05; other else, 
p < 0.01) was significantly negatively correlated with N/P and 
positively correlated with TN, Dw (p < 0.05).

At the fungal genus level, the top 10 relative abundances were 
Alternaria, Phacidium, Paraconiothyrium, Didymella, 
Articulospora, Paraphaeosphaeria, Desmazierella, Pseudorobillarda, 
Mycosphaerella, and Truncatella (Figure  4D). Similarly, as can 
be seen from Figure 5B, Alternaria, Didymella, and Articulospora 
were significantly negatively correlated with litter N/P, C/P 
(Didymella, p < 0.05; other else, p < 0.01), and positively correlated 
with Dw (p < 0.01). Phacidium, Paraconiothyrium, and 
Paraphaeosphaeria were significantly positively correlated with 
litter N/P, C/P (p < 0.01), and negatively correlated with Dw 
(p < 0.01). Nevertheless, the relatively low levels of Desmazierella, 
Pseudorobillarda, Mycosphaerella, and Truncatella was not 
significantly correlated with Dw (p > 0.05).

Lefse is a recent analysis method based on Linear discriminant 
analysis (LDA) effect size. Its essence is to combine linear 
discriminant analysis with nonparametric Kruskal-Wallis and 
Wilcoxon rank sum tests to screen for key biomarkers (i.e., key 
community members; Segata et al., 2011). With LDA effect size 
scores >4.5, 16 bacterial taxa were significantly different across 
treatments (Figure 6A). When LDA effect size scores were > 5, 3 
bacterial taxa were significantly different in litter from ZS and 
YS. Among them, at the bacterial phylum level, the main enriched 
bacterial taxa in YS leaf litter were Actinobacteria, ZS was mainly 

enriched by Proteobacteria, and YZ was Bacteroidetes (Figure 7A). 
As shown in Figure 6B, when the LDA effect size score was >4, the 
relative abundances of 19 fungal taxa were significantly different 
among different treatments (p < 0.05). Regarding the fungal alpha-
diversity, Ascomycota was mainly enriched in YS litter, while 
Basidiomycota was mainly enriched in ZS (Figure 7B).

The Bray-Curtis-based heatmap showed that the litter 
bacterial communities of YS and YZ were clustered together, 
indicating that the litter leaf communities from ZS were clearly 
distinct from those of YS and YZ (Supplementary Figure S1). The 
fungal community of the litter also showed the same conclusion 
(Supplementary Figure S2).

Correlation between physicochemical 
properties of litter and microbial 
community diversity in litter

Regarding the bacterial alpha-diversity, total N of leaf litter 
was significantly positively correlated with Pielou_e (r = 0.595, 
p < 0.05) and Simpson index (r = 0.588, p < 0.05); total P was 
significantly positively correlated with Pielou_e (r = 0.642, p < 0.05) 
and Shannon index (r = 0.587, p < 0.05); N/P was significantly 
positively correlated with Goods_coverage (r = 0.581, p < 0.05); 
N/P and C/P were significantly negatively correlated with Chao 1 
index (r = −0.651, p < 0.05; r = −0.626, p < 0.05), Observed_species 
index (r = −0.704, p < 0.05; r = −0.683, p < 0.05), Pielou_e index 
(r = −0.760, p < 0.01; r = −0.735, p < 0.01), Shannon index 
(r = −0.751, p < 0.01; r = −0.730, p < 0.01) and Simpson index 

A B

C D

FIGURE 4

The relative abundance of microorganisms at pyhlum and genus levels in litter from different samples. (A) The relative abundance of dominant 
bacterial community at the phylum level; (B) The relative abundance of dominant bacterial community at the genus level (not showing others); 
(C) The relative abundance of dominant fungal community at the phylum level; (D) The relative abundance of dominant fungal community at the 
genus level (not showing others). YS: Populus × canadensis Moench; YZ: Populus × canadensis Moench-Pinus sylvestris var. mongolica; ZS: Pinus 
sylvestris var. mongolica.
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(r = −0.729, p < 0.01; r = −0.699, p < 0.05). Dw was significantly 
positively correlated with Chao 1 index (r = 0.693, p < 0.05), 
Goods_coverage (r = 0.623, p < 0.05), Pielou_e index (r = 0.728, 
p < 0.01), Shannon index (r = 0.819, p < 0.01) and Simpson index 
(r = 0.794, p < 0.01). Dw was significantly negatively correlated 
with Observed_species index (r = −0.632, p < 0.05). There was no 
significant relationship between litter total C and bacterial 
community diversity index (Table 2).

Regarding the fungal alpha-diversity, total N of leaf litter was 
significantly positively correlated with Shannon index (r = 0.602, 
p < 0.05); total C and C/N were significantly positively correlated 
with Pielou_e index (r = 0.841, p < 0.01; r = 0.835, p < 0.05), 
Shannon index (r = 0.846, p < 0.01; r = 0.791, p < 0.01) and Simpson 
index (r = 0.888, p < 0.01; r = 0.886, p < 0.01). There was no 
significant relationship between total P, N/P, C/P, Dw and 
microbial diversity index of litter (Table 3).

Discussions

“Litter mass,” according to Swift et al., (1989), refers to the 
physicochemical composition of litter. It is the nutrient 
composition and structure, which includes easily degradable parts 
(N, P) and resistant organic parts (lignin, cellulose, etc.). The 
primary controlling factor influencing the rate of litter 
decomposition is thought to be  litter quality (Cornwell et  al., 
2008). The three elements C, N, and P are currently the primary 
physicochemical elements involved in research on litter 
decomposition in my country, and the majority of these studies 
concentrate on the quality of the litter matrix and the release 
dynamics of physicochemical elements (Jia et al., 2016). Given the 
strict stoichiometric requirements for microbial decomposer 
growth, it is possible that the scarcity of a particular nutrient will 
slow down the decomposition of litter (Ni et al., 2021). Numerous 

studies have discovered a strong correlation between the rate of 
litter decomposition and the initial N content of the litter as well 
as N-related substrate quality indicators. Indicators of C/N and 
C/P are frequently used to forecast the rate at which litter will 
decompose. The decomposition rate decreases as C/N and C/P 
values rise (Aber and Melillo, 1982; Magill et al., 2000; Sariyildiz 
and Anderson, 2003). It is consistent with the findings of this 
research (Table 1). The same pattern was shown in Figure 5. The 
decomposition rate of mixed litter was found in this study to 
be significantly higher than that of coniferous forest, but lower 
than that of pure broad–leaved forest. This is consistent with the 
findings of Pastor et al. (1984) who conducted experiments on 
nitrogen mineralization and litter decomposition in pine forests 
on Blackhawk Island in the United States. Sariyildiz also came to 
the same conclusion in his simulated experiments on beech and 
oak trees (Sariyildiz, 2015).

The primary factor influencing nutrient release is plant litter 
quality, and its C/N value is frequently regarded as an important 
attribute for measuring litter quality (Silver and Miya, 2001; Hu 
et al., 2006). For instance, Brady and Weil (1996) discovered 
that nitrogen release occurs when C/N values in the remaining 
litter are lower than 25 and nitrogen fixation occurs when C/N 
values are >25 (Killham, 1994). The rate of decomposition can 
be regulated by early litter decomposition C/N (Cotrufo and 
Ineson, 1995; Berg, 2000). Litter C/P has a threshold between 
200 and 480, and this threshold affects how much litter P 
content is released. The litter P content is a net release when the 
litter C/P is <480 (Gosz et al., 1973; Dziadowiec, 1987; Manzoni 
et al., 2010). Furthermore, Liu’s research made the case that 
litter N/P can be  used as a gauge for determining nutrient 
limitation. P limit how much litter can decompose if N/P is >25 
(Liu et al., 2016). The results of this experiment demonstrated 
that the phenomenon that P limited the decomposition of 
coniferous species could very well be improved by the addition 

A B

FIGURE 5

CoHeatmap shows the 10 genera relative abundance and chemical composition in various samples of litter. (A) Bacteria; (B) Fungi. The legend 
shows the correlation coefficient values, with red representing positive correlations and blue representing negative correlations. Shades of color 
indicate the strength of the correlation. *represents  p < 0.05; **represents p < 0.01. TN: Total N; TC: Total C; TP: Total P; CN: C/N; NP: N/P; CP: C/P.
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A B

FIGURE 6

Microbial community of different leaf litter ratios with significantly different taxa. (A) litter bacterial communities; (B) litter fungal communities. YS: 
Populus × canadensis Moench; YZ: Populus × canadensis Moench-Pinus sylvestris var. mongolica; ZS: Pinus sylvestris var. mongolica. The longer the 
length, the more significant the difference between the taxon units, and the different color of the bar chart indicates the higher abundance sample 
group corresponding to the taxon.
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of broad–leaved species. In conclusion, adding broad–leaved 
litter can increase the rate at which coniferous litter decomposes, 
this is because mixed litter decomposes more quickly than litter 
from a single tree species.

Previous research has shown that single-species litter and 
mixed litter have significantly different community compositions 
and structures (Aneja et al., 2006; Chapman and Newman, 2010; 
Prescott and Grayston, 2013; Santonja et  al., 2017). Microbial 

A

B

FIGURE 7

(A) Lefse with an LDA of 3.46 indicates that the 100 groups are significantly different between litter bacterial communities of YS, YZ, and ZS. 
(B) Lefse with an LDA of 2.96 indicates that the 100 groups are significantly different between litter fungal communities of YS, YZ, and ZS. YS: 
Populus × canadensis Moench; YZ: Populus × canadensis Moench-Pinus sylvestris var. mongolica; ZS: Pinus sylvestris var. mongolica. Circle 
radiation from inner to outer of evolutionary branch figure represents the classification of the level from phylum door genus; every small circle 
represents the level of a classification in different classification level. The diameter of the circle is prportional to the relative abundance.

TABLE 2 Correlation between litter physicochemical properties and bacterial community diversity.

Chao1 Goods_coverage Observed_species Pielou_e Shannon Simpson

Total N 0.423 −0.404 0.406 0.595* 0.478 0.588*

Total C 0.124 −0.180 0.046 0.113 0.053 0.168

Total P 0.421 −0.314 0.515 0.642* 0.587* 0.567

C/N −0.074 −0.007 −0.165 −0.172 −0.192 −0.098

N/P −0.651* 0.581* −0.704* −0.760** −0.751** −0.729**

C/P −0.626* 0.553 −0.683* −0.735** −0.730** −0.699*

Dw 0.693* 0.623* −0.632* 0.728** 0.819** 0.794**

n = 12, ** means significant correlation at p < 0.01level; * means significant correlation at p < 0.05 level.
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biomass and community composition can vary depending on the 
microenvironment or chemical makeup of the litter (Malosso 
et al., 2004; Das et al., 2007; Xu et al., 2013). The current study 
discovered differences between the alpha diversity of single-
species litter and mixed litter microbial communities. Mixed litter 
made up of Populus × canadensis and Pinus sylvestris var. mongolica 
differed significantly from Pinus sylvestris var. mongolica litter in 
terms of bacterial richness, diversity, uniformity and coverage, but 
not from Populus × canadensis litter. However, the coverage and 
richness of mixed litter and Populus × canadensis litter were not 
significantly different, and the fungal community diversity and 
homogeneity of the Populus × canadensis – Pinus sylvestris var. 
mongolica litter were only significantly higher than those of 
Populus × canadensis. This has also been supported by earlier 
researches (Aneja et  al., 2006; Chapman and Newman, 2010; 
Prescott and Grayston, 2013; Santonja et al., 2017). Proteobacteria 
and Ascomycetes are the most abundant taxa in the early stage of 
litter decomposition and are the main decomposers (Voříšková 
and Baldrian, 2012; Zhang et al., 2017). This study also found that 
Proteobacteria dominated the bacterial community and 
Ascomycota dominated the fungal community. According to 
research, fungi and bacteria work together to speed up the 
decomposition of litter (Wright and Covich, 2005). Fungi are 
primarily responsible for the decomposition of carbonaceous 
organic matter (Frey et al., 1999; Guggenberger et al., 1999; Pascoa 
and Cássio, 2004), while bacteria primarily consume nitrogenous 
organic matter (Six et al., 2002). Ascomycetes, the predominant 
decomposing bacteria in the three types of litter, are primarily in 
charge of breaking down cellulose and hemicellulose (Pointing 
and Hyde, 2000; Sánchez, 2009; Zhang et  al., 2016), and 
Proteobacteria are in charge of breaking down proteins 
(Schweitzer et al., 2001; Kazakov et al., 2009).

In the breakdown of apoplast, various genera also play various 
roles. For instance, the top  10 species in terms of relative 
abundance in this study, Massilia, Allorhizobium-Neorhizobium-
Parararhizobium-Rhizobium, Actinoplanes, Devosia, 
Flavobacterium, and Microbacterium, all have the job of breaking 
down organic acids, polyols, aromatic compounds, and other 
substances in the environment (Du et al., 2011; Feng et al., 2019; 
Menon et al., 2019). Both simple carbohydrates and refractory 
materials are thought to be  capable of being broken down by 
Alternaria (Jatav et  al., 2020). An endophytic fungus called 

Paraconiothyrium degrades lignin (Gao et al., 2011). They all play 
a role in the breakdown of apoplastic matter, which is consistent 
with the study’s findings.

The structure and operation of the litter microbial community 
are also impacted by the differences between coniferous and 
broad-leaved litter’s physical and chemical characteristics. 
Previous researches have also demonstrated a connection between 
the chemical properties of decomposed substrates and the 
diversity of the microbial community (Hawke and Vallance, 2015; 
Zeng et  al., 2017). The two main microbial taxa involved in 
decomposition litter are fungi and bacteria, and depending on the 
ecosystem and type of litter, their functional characteristics and 
carbon requirements may vary (Lin et al., 2018). Although fungi 
are thought to decompose more quickly than bacteria, bacteria are 
more effective at using labile carbon compounds (Hunt et  al., 
1987). This may account for the stronger relationship between 
apomictic Dw and bacterial community alpha diversity as well as 
the lack of a relationship with fungal communities. When 
compared to coniferous pure forest litter, mixed forest litter has 
different carbon and mineral nutrient contents, offering a wider 
substrate for microbes that break down organic matter (Hooper 
and Vitousek, 1998; Hättenschwiler et al., 2011).

Conclusion

In this study, it was discovered that the decomposition effect 
of mixed litter was different from that of a species of tree by 
simulating the mixed decomposition of Populus × canadensis 
Moench and Pinus sylvestris var. mongolica litter. (1) Compared to 
leaf litter from a single tree species, mixed leaf litter had different 
nutrients. However, the contents of total P, C/N, N/P and C/P were 
as YZ was between YS and ZS. The total C and total N of YZ were 
higher than those of single tree species. (2) There were variations 
in the organization and composition of the microbial communities 
in mixed leaf litter compared to of single tree species, but the 
difference was not very significant. (3) The investigation revealed 
that leaf nutritional variables had an impact on the variety of the 
microbial community composition and organization in leaf litter. 
(4) The decomposition of Populus × canadensis Moench litter was 
significantly aided by the addition of Pinus sylvestris var. mongolica 
litter. N/P, C/P, total N, and total P had a substantial impact on the 

TABLE 3 Correlation between litter physicochemical properties and fungal community diversity.

Chao1 Goods_coverage Observed_species Pielou_e Shannon Simpson

Total N 0.563 −0.168 0.567 0.517 0.602* 0.538

Total C 0.461 0.068 0.472 0.841** 0.846** 0.888**

Total P 0.143 −0.407 0.130 −0.417 −0.313 −0.454

C/N 0.293 0.204 0.307 0.835** 0.791** 0.886**

N/P −0.280 0.446 −0.267 0.282 0.159 0.343

C/P −0.236 0.435 −0.222 0.344 0.224 0.406

Dw 0.378 −0.414 0.368 −0.288 −0.134 −0.345

n = 12, ** means significant correlation at p < 0.01level; * means significant correlation at p < 0.05 level.
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bacterial community, while C/N, total C, and total N had a large 
impact on the fungal community. Consequently, this research 
provided a theoretical framework for the investigation of the 
decomposition mechanism of mixed litter from the nutritional 
level and microbial community.
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Introduction: Considering the rapid growth and high biomass productivity, 

Moso bamboo (Phyllostachys edulis) has high carbon (C) sequestration 

potential, and different management practices can strongly modify its C 

pools. Soil microorganisms play an important role in C turnover through 

dead plant and microbial biomass degradation. To date, little is known about 

how different management practices affect microbial carbohydrate-active 

enzymes (CAZymes) and their responses to dead biomass degradation.

Methods: Based on metagenomics analysis, this study analyzed CAZymes in 

three comparable stands from each Moso bamboo plantation: undisturbed 

(M0), extensively managed (M1), and intensively managed (M2).

Results: The results showed that the number of CAZymes encoding plant-

derived component degradation was higher than that encoding microbe-

derived component degradation. Compared with the M0, the CAZyme 

families encoding plant-derived cellulose were significantly (p < 0.05) high in 

M2 and significantly (p < 0.05) low in M1. For microbe-derived components, 

the abundance of CAZymes involved in the bacterial-derived peptidoglycan 

was higher than that in fungal-derived components (chitin and glucans). 

Furthermore, M2 significantly increased the fungal-derived chitin and 

bacterial-derived peptidoglycan compared to M0, whereas M1 significantly 

decreased the fungal-derived glucans and significantly increased the bacterial-

derived peptidoglycan. Four bacterial phyla (Acidobacteria, Actinobacteria, 

Proteobacteria, and Chloroflexi) mainly contributed to the degradation of C 

sources from the plant and microbial biomass. Redundancy analysis (RDA) 

and mantel test suggested the abundance of CAZyme encoding genes for 

plant and microbial biomass degradation are significantly correlated with soil 

pH, total P, and available K. Least Squares Path Modeling (PLS-PM) showed 

that management practices indirectly affect the CAZyme encoding genes 

associated with plant and microbial biomass degradation by regulating the 

soil pH and nutrients (total N and P), respectively.
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Discussion: Our study established that M2 and M1 impact dead biomass 

decomposition and C turnover, contributing to decreased C accumulation and 

establishing that the bacterial community plays the main role in C turnover in 

bamboo plantations.

KEYWORDS

CAZyme, plant-derived components, microbial-derived components, forest 
management, carbon sequestration

Introduction

Forest ecosystems are the most important carbon (C) pools 
and sinks in terrestrial ecosystems (Ameray et al., 2021), and store 
approximately two-thirds of the soil organic C (SOC) in terrestrial 
ecosystems (Canadell Josep et al., 2007). The forest soil C pool 
mainly comprises C allocated to the soil by tree roots and C 
contained in dead plant biomass (López-Mondéjar et al., 2020; 
Feng et  al., 2022). Plant residues mainly consist of cellulose, 
hemicelluloses, and lignin, which form a complex and recalcitrant 
matrix (Mansora et al., 2019). Microbial biomass (e.g., bacterial 
and fungal cell walls) represents another important organic C pool 
(Wang et al., 2021; Patoine et al., 2022). The biomass of fungal 
residues mainly contains polysaccharides, which account for 
80–90% of the total cell wall (Baldrian et  al., 2013; Gow and 
Lenardon, 2022). Although bacterial cell wall composition can 
vary substantially (Silhavy et al., 2010), peptidoglycan is typically 
the main component (Egan et al., 2017; Apostolos and Pires, 2022).

Soil microorganisms are an important link between soil C 
input and output (Liang et al., 2017; Bhattacharyya et al., 2022), 
playing a critical role in C balance through dead biomass 
decomposition (López-Mondéjar et al., 2018). Žifčáková et al. 
(2017) suggested that the dead biomass turnover can be traced by 
studying the microbial carbohydrate-active enzymes (CAZymes) 
that mediate their C cycle. Among the CAZymes, glycoside 
hydrolases (GHs) and auxiliary activities (AAs) are associated 
with the decomposition of polysaccharides and lignin, respectively 
(López-Mondéjar et  al., 2018; Lladó et  al., 2019). Cellulases, 
β-glucosidases, and hemicellulases from GH families have been 
reported as the main enzymes degrading plant biomass (Bomble 
et al., 2017), whereas lysozymes and chitinases from GH families 
are linked to dead biomass degradation from microbial 
communities (Žifčáková et al., 2017). Ren et al. (2021) showed 
that the bacterial phyla Actinobacteria, Proteobacteria, and 
Acidobacteria dominated plant and microbial dead biomass 
decomposition through their corresponding CAZyme families. 
Members of Chloroflexi taxa are related to the degradation of 
plant compounds, such as cellulose, starch, and long-chain sugars 
(Li et al., 2020). Although CAZymes have been previously studied 
in forest soils, the mechanisms of C degradation driven by 
microbial communities are yet to be elucidated.

Moso bamboo (Phyllostachys edulis) is a typical representative 
forest resource in China, occupying 4.68 million hectares and 
accounting for approximately 72.96% of all the bamboo forests in 

the forested areas of China (Li and Feng, 2019). This bamboo 
species is an important non-wood forest product in China (Fei, 
2021) due to its rapid growth, strong regeneration ability (Song 
et al., 2016), and C sequestration potential (Yen and Lee, 2011). A 
previous study confirmed that Moso bamboo forests are 
characterized by a higher C sequestration rate (8.13 Mg ha−1 year−1) 
than Chinese fir forests (3.35 Mg ha−1 year−1). Two management 
practices are used in Moso bamboo plantations: intensive 
management (such as fertilizer application, tillage, and removal of 
understory vegetation) and extensive management (including 
selective and regular harvesting of bamboo stems and shoots) 
(Yang et al., 2019). Previous studies have also found a relationship 
between different management approaches and soil C dynamics 
in Moso bamboo plantations (Li et al., 2013; Yang et al., 2019; 
Zhang et al., 2022). Specifically, Li et al. (2013) indicated that long-
term intensive management practice decreases SOC storage and 
alters SOC chemical compositions, such as increased alkyl C and 
carbonyl C contents and decreased O-alkyl C and aromatic C 
contents. In contrast, extensive management can promote the 
accumulation of recalcitrant organic materials while decreasing C 
mineralization rates (Yang et  al., 2019). However, the 
characteristics of the CAZymes in bamboo forests remain unclear.

This study describes an enzymatic toolbox that aids in the 
microbial decomposition of various biomass types. Soil samples 
from three different management practices were collected, and 
metagenomics was used to analyze the enzymatic tools of 
microbial decomposers. Moreover, we hypothesized that there 
were categories of CAZyme families involved in plant- and 
microbial-derived biomass decomposition and that the bacterial 
community contributes more to the dead biomass degradation in 
the Moso bamboo plantations. This study aimed to: (i) elucidate 
the distribution of the microbial CAZyme pool, (ii) characterize 
microbial taxa contribution to CAZyme genes related to the 
degradation of plant- and microbe-derived components, and (iii) 
examine the relationships between environmental parameters and 
specific CAZyme families.

Materials and methods

Experimental site and sample collection

The soil samples and their physiochemical properties used 
in this study were recently published (Zhang et  al., 2022).  
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The study area was Anji County (30°31′–30°14′N, 119°37–
119°15′ E) in Zhejiang Province, China. A previous study 
presented meteorological data for the study area (Yang et al., 
2019). Moso bamboo plantations under three different 
management strategies were selected: unmanaged (M0), 
extensively managed (M1), and intensively managed (M2). The 
M0 bamboo plantation had not been managed for >60 years 
(recoded by the Anji County Forestry Bureau), and had 
gradually developed into a mixed forest; the M1 bamboo 
plantation had been subjected to some management practices 
including selective and regular harvest of bamboo trunks, and 
shoots every 2 years; the M2 practices included selective 
harvesting, understory vegetation removal, and annual 
fertilization (nitrogen [N], 300–500 kg·ha−1; phosphorus [P], 
50–200 kg·ha−1; and potassium [K], 100–250 kg·ha−1) during 
mid-to-late June. More information regarding the Moso 
bamboo plantations can be  found in a study by Yang 
et al. (2019).

Three sites in the study area (3 × 2 km) were chosen for 
investigation in May 2021 based on similarities to the initial site 
conditions found in previous studies (Yang et al., 2019; Zhang 
et al., 2022). At each site, three comparable stands (M0, M1, and 
M2) with similar forest-land characteristics, such as soil type, 
elevation, slope gradient, and other features, were chosen. Three 
20 × 20 m plots were established in each selected bamboo stand for 
sampling. A composite sample within each plot was obtained from 
five different points at depths of 0–20 cm. Fresh soil samples were 
sieved (mesh size of 2 mm) to remove stones, roots, and large 
organic residues. Subsequently, they were divided into two parts: 
one part was stored at −80°C for metagenomics, and the other was 
air-dried to analyze physicochemical properties.

Soil chemical analysis

A glass electrode was used to measure the soil pH at a soil/
water ratio of 1:2.5. SOC was determined using a total organic C 
(TOC) analyzer (Multi N/C 3100; Analytik Jena, Germany). Soil 
total N (TN, the Kjeldahl method), total P (TP, ammonium 
molybdate method), and available K (AK, extracted using 
1 mol·L−1 ammonium acetate acid); were determined according to 
Lu (2000). Detailed information on the soil factors at these 
sampling sites is shown in Supplementary Table S1.

DNA extraction and sequencing

Soil DNA was extracted using the FastDNA SPIN kit (MP 
Biomedical, Santa Anna, CA, United States), according to the 
manufacturer’s instructions. The quality and concentration of the 
DNA extracts were assessed using a NanoDrop  2000. Library 
construction and Illumina NovaSeq  6,000 sequencing were 
conducted at the Shanghai Majorbio Bio-Pharm Technology 
Co., Ltd.

Metagenome sequencing and analysis

Raw reads (about 12  Gb nucleotides for each sample) 
from the metagenome sequencing were processed to obtain 
quality-filtered reads for further analysis. The adaptor 
sequences and low-quality reads were removed using fastp 
version 0.20.0 (Chen et al., 2018) on the online platform of 
Majorbio Cloud Platform1 (Ren et al., 2022). Subsequently, 
contigs were assembled using the MEGAHIT assembler (Li 
et  al., 2015) (parameters: kmer_min = 47, kmer_max = 97, 
step = 10), which uses succinct de Bruijn graphs. Contigs with 
a minimum size of 300 base pairs (bp) were selected for the 
final assembly. The open reading frames (ORFs) were 
identified using MetaGene (Noguchi et  al., 2006), and the 
predicted ORFs over 100 bp in length were translated into 
amino acid sequences using the National Center for 
Biotechnology Information (NCBI) translation table. All 
predicted genes with an identity and coverage ≥0.9 were 
clustered using the CD-HIT program (Fu et  al., 2012). 
SOAPaligner (Li et al., 2008) was utilized to map the reads 
after quality control to non-redundant gene sets with 95% 
identity, and to calculate gene abundance. Representative 
sequences of non-redundant gene catalogs were annotated 
based on the NCBI NR database using the Basic Local 
Alignment Search Tool for Proteins (BLASTP), as 
implemented in DIAMOND v0.9.19, with an e-value cutoff of 
1e−5 using Diamond (Buchfink et al., 2015) for taxonomic 
annotations. Carbohydrate-active enzyme annotation was 
conducted using hmmscan2 against the CAZyme database3 
with an e-value cut-off of 1e−5.

Statistical analyses

The abundance values in metagenomes normalized by 
transcripts per kilobase per million mapped reads (TPM). 
Non-metric multidimensional scaling (NMDS), permutational 
multivariate analysis of variance (PERMANOVA) and redundancy 
analysis (RDA) were performed in the ‘Vegan’ (Dixon, 2003) 
package based on Bray-Curtis distance. The circos plots were 
generated using the ‘circlize’ package (Gu et  al., 2014). The R 
package‘ggcor’was used for Spearman’s correlation test and the 
Mantel test (Huang et al., 2020). Least Squares Path Modeling 
(PLS-PM) were performed with the R package ‘plspm’ (Sanchez 
et al., 2017). Contribution analysis was conducted on the Majorbio 
Cloud Platform4 (Ren et al., 2022). The significance of differences 
among soil samples was tested by One-way ANOVA followed by 
least significant difference (LSD) post hoc test.

1 https://cloud.majorbio.com/

2 http://hmmer.janelia.org/search/hmmscan

3 http://www.cazy.org/

4 http://www.majorbio.com

25

https://doi.org/10.3389/fmicb.2022.1051721
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://cloud.majorbio.com/
http://hmmer.janelia.org/search/hmmscan
http://www.cazy.org/
http://www.majorbio.com


Zhang et al. 10.3389/fmicb.2022.1051721

Frontiers in Microbiology 04 frontiersin.org

Results

Changes in glycoside hydrolases and 
auxiliary enzyme families

In total, 7,759,044 CAZymes were identified from 13,509,440 
predicted proteins in the metagenome. Of these, > 98% was 
assigned to bacteria (Supplementary Table S2). Moreover, of the 
total CAZyme pools, GHs and AAs represented average values of 
29.38 and 10.69%, respectively (Supplementary Table S3). Most 
GHs were mainly attributed to Proteobacteria (56.95%), 
Acidobacteria (19.72%), Actinobacteria (12.30%), Chloroflexi 
(3.90%), and Verrucomicrobia (1.42%; Figure 1A), whereas AAs 
were largely attributed to Proteobacteria (36.48%), Acidobacteria 
(29.75%), Actinobacteria (13.84%), Chloroflexi (6.50%), 
Verrucomicrobia (3.71%), Candidatus Rokubacteria (1.69%), and 
Gemmatimonadetes (1.55%; Figure 1B). Compared to M0 and 
M1, M2 significantly increased GHs abundance, whereas there 
was no significant difference between M1 and M0 
(Supplementary Table S3). In addition, no differences in AAs 
among the three groups were identified (Supplementary Table S3). 

The NMDS further revealed significant differences in GHs 
(PERMANOVA: R2 = 0.859, p = 0.005) and AA (PERMANOVA: 
R2 = 0.826, p = 0.01) families among the different management 
approaches (Figures 1C,D).

Changes in specific CAZyme families 
involved in the degradation of plant, 
fungal, and bacterial biomass

The genes were assigned to the enzymatic activities involved 
in the degradation of plant- and microbial- compounds according 
to Ren et  al. (2021). For plant biomass (Figure  2; 
Supplementary Table S4), M2 significantly increased the 
abundance of CAZyme families involved in plant-derived cellulose 
than M0 (p  < 0.05), whereas it significantly decreased in M1 
(p < 0.05); Among the three groups, no significant differences 
(p > 0.05) were observed in the CAZyme families involved in 
plant-derived hemicellulose and lignin. Additionally, M2 exhibited 
a significantly (p < 0.05) higher abundance of CAZyme families 
involved in fungi-derived chitin within fungal biomass than M0 

A B

C D

FIGURE 1

The abundance of microbial glycoside hydrolases (GHs) and auxiliary activities (AAs) in the bamboo plantations under different management 
practices. (A,B) contribution of microbial phyla to the GHs and AAs families; (C,D) Non-metric multidimensional scaling (NMDS) of the GH and AA 
families. M0, M1, and M2 indicates undisturbed, extensively managed, and intensively managed bamboo plantations, respectively.
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and M1 (Figure  2; Supplementary Table S4). No significant 
difference (p > 0.05) was observed between M0 and M1. Moreover, 
M1 exhibited a significantly (p < 0.05) lower abundance of 
CAZyme families involved in fungi-derived glucans than M0 and 
M2 (Figure 2; Supplementary Table S4). There was no significant 
difference (p > 0.05) between M0 and M2 (Figure  2; 
Supplementary Table S4). Furthermore, M2 and M1 significantly 
increased (p < 0.05) the abundance of CAZyme families involved 
in bacteria-derived peptidoglycan than M0 (Figure  2; 
Supplementary Table S4).

The CAZyme families associated with the degradation of 
plant- and microbe-derived components were mainly assigned to 
four bacterial phyla: Acidobacteria, Actinobacteria, 
Proteobacteria, and Chloroflexi (Figure  3). In particular, 
Actinobacteria, Chloroflexi, and Proteobacteria exhibited 
significant differences among the three groups 
(Supplementary Table S5). The analysis of microbial phyla 
contribution to plant-derived biomass decomposition revealed 
that Actinobacteria was significantly increased in M2 than in M0 
and significantly decreased in M1 (Supplementary Table S5). 
Chloroflexi exhibited a lower number of transcripts per million 
(TPM) in M1 and M2 than in M0, whereas Proteobacteria 

exhibited a significant difference among the three groups (plant-
derived cellulose, M1 > M2 ≈ M0; plant-derived hemicellulose, 
M2 > M0; plant-derived lignin, M2 ≈ M1 > M0) 
(Supplementary Table S5). The three phyla were identified 
according to the contribution of microbial phyla to fungi-derived 
biomass decomposition in the following order: fungi-derived 
chitin (Actinobacteria, M2 > M0 > M1; Chloroflexi, M0 ≈ M1 > M2; 
and Proteobacteria, M2 > M0 ≈ M1) and fungi-derived glucans 
(Actinobacteria, M2 ≈ M0 > M1; Chloroflexi, M0 > M1 > M2; and 
Proteobacteria, M2 ≈ M1 ≈ M0) (Supplementary Table S5). 
Regarding the contribution of microbial phyla to bacteria-derived 
peptidoglycan decomposition, Actinobacteria was significantly 
higher in M2 than in M0 and M1, and Chloroflexi (M0 > M1 > M2) 
and Proteobacteria (M1 > M2 > M0) exhibited significant 
differences among the three groups (Supplementary Table S5).

Management practices altered specific families related to the 
degradation of plant- and microbe-derived components 
(Supplementary Table S6). For the plant-derived components, 
GH3 (β-glucosidase, 797.31 TMP, M2 > M0 > M1), GH74 
(xyloglucanase, 1910.99 TMP, M1 > M2 ≈ M0), and AA3 (oxidase, 
1390.84 TMP, M2 ≈ M1 ≈ M0) were the most abundant families 
involved in plant-derived cellulose, hemicellulose, and lignin 

A B C

D E F

FIGURE 2

The abundance of selected GHs and AAs related to the degradation of the plant- and microbial- derived biomass in the bamboo plantations under 
different management practices. (A–C) plant-derived biomass decomposotion; (D) bacteria-derived biomass decomposition; (E,F) fungi-derived 
biomass decomposition.
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decomposition, respectively (Supplementary Table S6). For the 
microbe-derived components, GH18 (chitinase, 210.26 TMP, 
M2 > M1), GH55 (exo-β-1, 3-glucanase/endo-1, 3-β-glucanase, 
190.05 TMP, M0 ≈ M2 > M1), and GH23 (lysozyme, 840.24 TMP, 
M0 ≈ M1 ≈ M2) were the most abundant families involved in 
fungi-derived chitin and glucans, and bacteria-derived 
peptidoglycan decomposition, respectively 
(Supplementary Table S6).

Relationship between the CAZymes 
involved in the degradation of dead 
biomass and soil properties

RDA showed that the first two RDA axes accounted for 83.70 
and 79.66%, respectively, of the total variation of CAZyme families 
related to plant and microbial biomass degradation (Figure 4). Soil 
pH, TOC, TN, TP, AK significantly affected the CAZyme families 
associated with plant and microbial biomass degradation 
(Figure 4). Furthermore, the Mantel test revealed that soil pH, TP, 
and AK were significantly correlated with the CAZyme families 
involved in the decomposition of plant and microbial biomass; soil 
TOC and TN were also significantly correlated with CAZyme 
families involved in the decomposition of microbial biomass 
(Table 1).

PLS-PM was implemented to assess the direct and indirect 
effects of management practices and soil properties on the 
CAZyme families (Figure 5). PLS-PM with a Goodness-of-Fit 
(GoF) index of 0.833 explained 82.2 and 73.5% of the variation for 
CAZyme families in plant and microbial biomass decomposition, 
respectively. The PLS-PM analysis indicated that the management 

practices had an indirect positive effect on the plant and microbial 
biomass degradation by changing soil nutrients (TN and TP) 
(path coefficient = −0.881) and pH (path coefficient = −0.993), 
respectively. Management practices also indirectly affected the soil 
nutrients (TN and TP) via altering soil TOC (path 
coefficient = −8.129).

Discussion

Effects of management practices on 
microbial CAZyme genes in the bamboo 
plantations

Our findings suggest that soil microbes contain numerous 
CAZymes which are involved in plant and microbial biomass 
degradation, and facilitates C utilization in bamboo plantations. 
This result supports previous findings on soil microbes as the 
primary consumers of simple and recalcitrant substrates (Kramer 
et  al., 2016; López-Mondéjar et  al., 2018). Furthermore, the 
number of CAZymes associated with plant-derived component 
degradation was greater than that associated with microbe-
derived components (Figure 2). This indicates that dead plant 
biomass contributes more to the soil C pool in bamboo 
plantations. This finding is consistent with previous findings that 
plant biomass is rich in C and can enrich the soil through above- 
and underground litter, which is the primary source of soil organic 
matter (SOM) (Castellano et al., 2015). Our findings also showed 
that the forest management practices influenced soil microbial 
CAZyme families involved in plant-derived cellulose but not 
plant-derived hemicellulose and lignin. These results suggest that 

A B C

D E F

FIGURE 3

Contribution of the microbial phyla to microbial CAZyme genes for the dead biomass decomposing in the bamboo plantations. (A–C) plant-
derived biomass decomposotion; (D,E) fungi-derived biomass decomposition; (E,F) bacteria-derived biomass decomposition.
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plant-derived cellulose is a key factor determining SOC 
accumulation in bamboo plantations. Moreover, microbial 
CAZyme families involved in plant-derived cellulose were 
significantly increased in M2 than in M0 but decreased in M1, 
indicating that more disturbance promotes the degradation of 
plant-derived cellulose. A significant correlation was discovered 
between soil pH and AK in CAZyme families associated with 
plant-derived cellulose degradation. Therefore, the soil pH and 
AK variations partially contributed to the changes in the CAZyme 
families associated with plant-derived cellulose degradation.

Our results revealed that the abundance of genes involved in 
the decomposition of bacteria-derived biomass was greater than 
that of fungi-derived biomass. This indicates that bacteria-derived 
biomass degradation for C cycling is more important than fungi-
derived biomass. Our findings are consistent with Gunina et al. 
(2017), who reported that dead bacterial biomass had a higher 
turnover rate than fungal biomass. Egan et  al. (2017) also 
demonstrated that bacterial-derived peptidoglycan is the main 
and universal component of the cell wall that changes rapidly. This 
study found that M2 and M1 significantly increased the abundance 
of soil microbial CAZyme families involved in bacterial-derived 

peptidoglycan, indicating that forest management can increase the 
decomposition rate of bacterial-derived peptidoglycan. Ren et al. 
(2021) suggested that the soil environment and substrates 
influence the decomposition of microbe-derived components in 
forest soils. In this study, CAZyme families involved in bacteria-
derived peptidoglycan degradation were negatively correlated 
with soil TOC, TN, and TP. Thus, the changes in soil properties 
(especially TOC, TN, and TP) contributed to the variations in the 
CAZyme families involved in bacteria-derived 
peptidoglycan degradation.

M1 exhibited a lower abundance in the CAZyme families 
involved in fungi-derived biomass than M2. According to 
Clemmensen et  al. (2013), some fungal biomass fractions are 
highly recalcitrant and are likely a major source of recalcitrant 
SOM. Combined with the results for the CAZyme families 
involved in plant-derived cellulose, M1 can alleviate the 
degradation of SOC relative to M2. Similar to the results of Yang 
et al. (2019), who found that the rate of C mineralization was 
highest in M2 and lowest in M1, indicating M0 and M1 had much 
higher potential in terms of soil C sequestration than M2.

Microbial CAZymes for metabolic activity 
in bamboo plantations under different 
management practices

This study found that bacterial communities accounted for 
>98% of the microbial community in the bamboo soils studied. 
This result suggests that the bacterial community plays important 
roles in the degradation of dead plants and microbial biomass, 
partly because bacteria produce enzymes and participate in the 
degradation of cellulose, hemicellulose, and chitin (Eichorst and 
Kuske, 2012; López-Mondéjar et  al., 2016). The microbial 
CAZyme families associated with the degradation of dead plants 
and microbial biomass were mainly assigned to four bacterial 

A B

FIGURE 4

Redundancy analysis of soil properties and microbial CAZyme genes for the plant- (A) and microbial-derived (B) biomass decomposing in the 
bamboo plantations under different management practices.

TABLE 1 Spearman’s correlation analysis and Mantel tests for 
microbial CAZyme families involved in the decomposition of the 
plant- and microbial-derived components against soil properties 
(9,999 permutations).

Plant-derived 
components

Microbial-derived 
components

r p-value r p-value

pH 0.552 0.015 0.78 0.0002

TOC 0.281 0.0583 0.366 0.0329

TN 0.237 0.0843 0.331 0.0384

TP 0.654 0.0081 0.477 0.0188

AK 0.876 0.0002 0.748 0.0009

29

https://doi.org/10.3389/fmicb.2022.1051721
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhang et al. 10.3389/fmicb.2022.1051721

Frontiers in Microbiology 08 frontiersin.org

phyla: Acidobacteria, Actinobacteria, Proteobacteria, and 
Chloroflexi. Members of the Actinobacteria produce extracellular 
enzymes and play a role in the degradation of plant polysaccharides 
and phenolic compounds (Mccarthy, 1987; Warren, 1996). 
Notably, the analysis of the contribution of microbial phyla to 
plant-derived cellulose degradation revealed that these four phyla 
were significantly altered. Actinobacteria and some Acidobacteria 
are oligotrophic bacteria (Kielak et  al., 2016; Liu et  al., 2018), 
affecting the decomposition of organic matter under limited 
nutrient conditions (Fierer et  al., 2007; Banerjee et  al., 2016). 
Therefore, the increased Actinobacteria and Acidobacteria 
indicated low nutrient levels in M2. Members of Proteobacteria 
were related to N fixation, organic matter degradation, and plant 
growth improvement (Yarwood et al., 2009; Delmont et al., 2018). 
Several studies reported that Proteobacteria are rich in higher pH 
soils (Christian et al., 2009; Chu et al., 2010). The increased pH 
can clarify the higher abundance of Proteobacteria in M1 than in 
M0 and M2. The phylum Chloroflexi plays a role in cycling C and 

N (Hug et al., 2013). Thus, the increased abundance of Chloroflexi 
was related to the higher TOC and TN contents in M0 than in 
M1 and M2.

Factors driving the CAZyme families 
involved in plant and microbial biomass 
degradation

Several studies have found that soil properties are one of the 
most important factors influencing soil microbial diversity and 
function (Zhang et al., 2021; Wang et al., 2022). According to 
Cardenas et al. (2015), soil properties can exert selective pressure 
on soil microorganisms, shaping changes in CAZyme coding 
genes. In our study, RDA and mantel tests showed that soil pH, TP, 
and AK content significantly affected the abundance of CAZyme 
encoding genes. Results of PLS-PM suggested that management 
practices altered the CAZyme families during the decomposition 

FIGURE 5

PLS-PM shows the effects of management practices on the microbial CAZyme genes for the plant- and microbial-derived biomass decomposing.
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of plant and microbial biomass by changing the soil nutrients (TN 
and TP) and pH, respectively. These results indicated soil pH and 
TP were the major factors shaping the specific CAZyme families. 
Studies have shown that pH is the vital factor shaping soil 
microbial communities (Qi et  al., 2018; Lopes et  al., 2021). 
Conversely, soil pH indirectly affects microbial communities due 
to its close relationship with other soil factors, such as fertility and 
nutrient availability (Christian et al., 2009; Penn and Camberato, 
2019). Phosphorus is an important macronutrient for all biota on 
Earth, and changes therein affect the microbial community 
(Bergkemper et al., 2016; Samaddar et al., 2019).

Conclusion

This study elucidated the trends of microbial CAZymes in 
Moso bamboo stands. The abundance of CAZymes targeting dead 
plant biomass was higher than that of dead microbial biomass, 
indicating that dead plant biomass was the major source of the soil 
C pool in the bamboo plantations. Management practices alter the 
abundance of microbial CAZymes encoding plant- and microbial-
derived biomass degradation, further affecting the C accumulation. 
The dominant microorganisms for microbial C degradation were 
bacterial communities, suggesting that the bacterial community 
contributes more to the degradation of microbial C in the bamboo 
soil and that Acidobacteria, Actinobacteria, Proteobacteria, and 
Chloroflexi, in particular, are essential for microbial C 
decomposition. Overall, our findings expand the understanding of 
the relationship between microbial CAZyme families and C 
decomposition, establishing the importance of the bacterial 
community for C cycling in bamboo plantations.
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Wetlands are natural sources of methane (CH4) emissions, providing the largest 

contribution to the atmospheric CH4 pool. Changes in the ecohydrological 

environment of coastal salt marshes, especially the surface inundation 

level, cause instability in the CH4 emission levels of coastal ecosystems. 

Although soil methane-associated microorganisms play key roles in both CH4 

generation and metabolism, how other microorganisms regulate methane 

emission and their responses to inundation has not been investigated. Here, 

we studied the responses of prokaryotic, fungal and cercozoan communities 

following 5 years of inundation treatments in a wetland experimental site, 

and molecular ecological networks analysis (MENs) was constructed to 

characterize the interdomain relationship. The result showed that the degree 

of inundation significantly altered the CH4 emissions, and the abundance 

of the pmoA gene for methanotrophs shifted more significantly than the 

mcrA gene for methanogens, and they both showed significant positive 

correlations to methane flux. Additionally, we found inundation significantly 

altered the diversity of the prokaryotic and fungal communities, as well as 

the composition of key species in interactions within prokaryotic, fungal, 

and cercozoan communities. Mantel tests indicated that the structure of the 

three communities showed significant correlations to methane emissions 

(p < 0.05), suggesting that all three microbial communities directly or indirectly 

contributed to the methane emissions of this ecosystem. Correspondingly, 

the interdomain networks among microbial communities revealed that 

methane-associated prokaryotic and cercozoan OTUs were all keystone taxa. 

Methane-associated OTUs were more likely to interact in pairs and correlated 

negatively with the fungal and cercozoan communities. In addition, the 

modules significantly positively correlated with methane flux were affected 
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by environmental stress (i.e., pH) and soil nutrients (i.e., total nitrogen, total 

phosphorus and organic matter), suggesting that these factors tend to positively 

regulate methane flux by regulating microbial relationships under inundation. 

Our findings demonstrated that the inundation altered microbial communities 

in coastal wetlands, and the fungal and cercozoan communities played vital 

roles in regulating methane emission through microbial interactions with the 

methane-associated community.

KEYWORDS

wetland, inundation level, CH4 flux, sediment microbiota, interdomain network

1. Introduction

Methane (CH4) has accounted for roughly 30% of global 
warming since pre-industrial times (Saunois et al., 2016) and, as 
such, it is generally considered a nonnegligible factor in climate 
change discussions (Ocko et al., 2021). Wetlands are the largest 
natural source of CH4 emissions, contributing 150–225 Tg CH4 
per year, and accounting for one-third of total global CH4 
emissions (Bridgham et al., 2013; Kirschke et al., 2013; Saunois 
et  al., 2016; Dean et  al., 2018). In wetlands, water table level 
controls biogeochemical cycles and has a profound impact on 
wetland functions (Paschalis et al., 2017). A higher water level can 
provide a direct barrier to the release of gases from soil or the 
water column, most likely via oxidation as gasses passes through 
the latter (Peacock et al., 2017), or the inundation level provides 
an anaerobic environment to inhibit methane aerobic oxidation 
in the root zone (Li et al., 2018). The process of CH4 emission into 
the atmosphere is ultimately a coordination between CH4 
production, transportation, and oxidation through the soil-water-
plant continuum. Initially, the remains of plant detritus from 
sedimentary organic matter, a part of this organic matter is 
released into the atmosphere in the form of CO2 again after 
decomposition by microorganisms, while another part of the 
organic matter, and inorganic carbon, accumulates in the wetland 
(Friborg et al., 2003; Fiore-Donno et al., 2020), however, due to 
the anaerobic environment of wetland water and a large number 
of microorganisms, fixed carbon in wetland environments will 
be  released into the atmosphere again through respiration or 
microbial decomposition, mainly as CO2 and CH4. Hence, CH4 
fluxes from soils are biologically mediated processes (Shiau et al., 
2018). Consequently, focusing on the microbial mechanism 
behind methane emission under inundation conditions is of 
great importance.

Microorganisms are linked by strong ecological interactions, 
and shifts in those interactions could greatly affect ecosystem 
functioning (de Vries et al., 2013). Previous studies indicated that 
altering hydrological fluctuation also can reshape soil microbial 
composition and diversity (Ye et al., 2013; Garssen et al., 2015). 
Different microbial taxa have displayed divergent responses to 
inundation across different types of soils or sediments. For 
example, the structure of the bacterial communities is driven by 
the hydric dynamics of the infiltration basin, but no such trend 

was found for fungal communities (Badin et al., 2011). The relative 
abundance and diversity of methanogenic taxa were much greater 
in frequently flooded soil than in soil by other means of flooding 
in the Amazonian floodplain (Hernandez et al., 2019). Unger et al. 
(2009) found that increased flooding reduced the soil bacteria-
fungi ratio by up to 10% in the wetland. Inundation also increased 
the complexity of prokaryotic communities (Gao et al., 2021), 
with higher moisture leading to decreased complexity of 
methanotrophic communities in the Qinghai-Tibetan Plateau 
(Zhang et al., 2019). Together these studies revealed the diversity 
and interactions within each soil microbial kingdom responding 
to water flooding, but far less attention has been paid to 
interactions among the prokaryotic, fungal, and protist 
communities under inundation conditions. Therefore, 
understanding the microbial interactions among different groups 
or trophic levels along a continuous gradient of inundation is 
important to assess the functions within coastal wetlands.

Methane flux results from complex interactions between 
microbes and the environment (le Mer and Roger, 2001). 
Generally, as the executors for methanogenesis, methanogens can 
drive the final step of decomposition of anaerobic fermentation 
end products (i.e., H2/CO2 and acetate; Bridgham et al., 2013). At 
present, the extensively studied methanogens belong to the 
Euryarchaeota, including Methanopyrales, Methanococcales, 
Methanobacteriales, Methanomicrobiales, Methanosarcinales 
(Sakai et  al., 2011), and Methanocellales (Borrel et  al., 2013)/
Methanomassiliicoccales (Borrel et al., 2014). The key enzyme of 
methanogenesis is Methyl Coenzyme M Reductase (MCR), and 
its encoding gene, mcrA, is widely used as a functional gene 
marker to identify methanogens (Kim et al., 2008). On the other 
side, aerobic methanotrophs are the most important natural 
absorbers of CH4 emissions from the ecosystem, and the pmoA 
gene encoding the β subunit of the pMMO enzyme is widely used 
to detect aerobiotic methanotrophs (Freitag et al., 2010; Liebner 
et al., 2012). Fungi are also vital to many ecosystem processes such 
as nutrient cycling and decomposition, and they can form direct 
connections to primary producers (Oliver and Schilling, 2018), 
while protists can act as a dynamic bond among sediment 
microorganisms (Xiong et al., 2018), especially with top-down 
effects on bacterial communities (Zhou et  al., 2021). Hence, 
microbial communities, including prokaryotes, fungi and protists 
might interact with methane-associated communities to execute 
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disproportionate characteristics in CH4 emission processes. 
Exploration of these interactions may improve our estimates of 
CH4 budgets, resolve CH4 dynamics in these environments and 
improve the predictions of their responses to climate change.

The Yellow River Delta is one of the most active regions of land-
ocean interaction in the world (Zhao et al., 2013). As a blue carbon 
reservoir, it harbors great value in supporting wildlife and is 
important for climate regulation (Osland et al., 2018). We collected 
samples from a five-year inundation site experiment in a typical 
nontidal coastal soil from the Yellow River Delta (Dongying, 
Shandong, China), which is known for its vital significance in carbon 
sequestration and climate change (Osland et al., 2016; Feher et al., 
2017). Integration of high-throughput DNA sequencing together 
with multivariate statistical methods can help us understand the 
divergence among microbial communities in their response to 
inundation. Three hypotheses were proposed in this study: (i) 
inundation would tend to alter microbial community compositions 
and reshape within group microbial interaction networks in this 
long-term inundation ecosystem; (ii) the changes of fungal and 
protist communities by inundation, as well as prokaryotes, would 
lead to the changes of methane emissions; and (iii) changes in 
sediment properties caused by inundation may contribute to the 
interactions among these three microbial kingdoms that positively 
regulate methane emissions.

2. Materials and methods

2.1. Study site

The study site was located at the Yellow River Delta Ecological 
Station of Coastal Wetlands (37°45′50″ N, 118°59′24″ E), Chinese 
Academy of Sciences, Dongying City, in the northeast of 
Shandong, China. The elevation of the study site was 2.5 m above 
sea level. The mean annual temperature (MAT) was about 12.9°C 
and the mean annual precipitation (MAP) was 550–640 mm. The 
highest percentage of precipitation occurs from June to September. 
The soil texture is mainly a sandy clay loam with 6.54 g kg−1 soil 
organic matter content at 0–20 cm depth (Zhao M. et al., 2020). At 
the sampling site, inundation treatment was applied from April to 
October of each year beginning in 2017. The study area was 
dominated by common reeds (Phragmites australis; Yang et al., 
2017). Specifically, the whole surface inundation control test 
platform included seven inundation level treatments, such as 
control (no treatment, only natural precipitation), 0 (inundation 
to soil saturation), 5, 10, 20, 30, and 40 cm (specified surface 
inundation treatment continued based on soil water saturation) 
inundation height, respectively. Each treatment had 4 replicate 
plots, except for the 0 cm inundation treatment which had 3 
replicate samples, because one of the samples was missing. Every 
replicate plot (2 m length × 2 m width × 0.5 m height) was 
separated by cement barriers at a 40 cm spacing. The height of the 
cement barriers is 50 cm above and 20 cm underground. The 
filtered water for each plot was obtained from a nearby lake 

(originally from the Yellow River which runs into the Bohai Sea). 
The inundation level was controlled by a tube connected to an 
opaque plastic water tank located 1.5 meters above the ground 
surface. When the surface inundation water level falls, water 
would flow from the tank into the plot until the inundation level 
reached the original specified level.

2.2. Sediment sampling and sediment 
properties measurement

Sediment cores were collected from each plot from 0 to 20 cm 
depths on 20th September 2019. After the removal of roots, the 
roots-removed sediment was gently mixed for homogenization, and 
then stored at −80°C. Sediment samples were dried using a vacuum 
freeze-drying machine (18 N; SCIENTZ) for 48 h to prepare for the 
subsequent experiments. The physical and chemical properties of the 
sediment were assessed. Sediment pH was measured by mixing dry 
sediment and distilled water in a 1:2.5 (w/v) ratio. The remaining 
sediment properties such as organic matter (potassium dichromate 
oxidation iron salt titration method), total nitrogen (alkaline 
potassium persulfate oxidation-UV spectrophotometric method), 
total phosphorus (ammonium molybdate spectrophotometric 
method), ammonia nitrogen (Nessler’s Reagent Colorimetric 
Method) and nitrate nitrogen (spectrophotometric method) were all 
measured at the Institute of Soil Science, Chinese Academy of 
Sciences (Nanjing, China). CH4 flux was measured in a static 
cylindrical transparent chamber connected to LGR Ultraportable 
Greenhouse Gas Analyzer (UGGA, Los Gatos Research, Inc., San 
Jose, USA; Wei et al., 2020). Transparent acrylic plastic base frames 
(30 cm in diameter, 10, 10, 15, 20, 30, 40 and 50 cm in height) for the 
seven treatments were installed into the sediment to a 5 cm depth, 
with 5 cm of the frame emerging above the water surface, a 
removable middlebox (30 cm in diameter, 100 cm in height) and a 
removable top box (30 cm in diameter, 100 cm in height) was 
hermetically placed on the top of the base frame. Two battery-driven 
fans (8 cm in diameter, 12v) were installed inside the top of each 
chamber to mix the air in the chamber during sampling. The gas flux 
was measured from 8 a.m. to 11a.m once a day. For each 
measurement, chambers were sealed for 3 min.

2.3. Sediment DNA extraction 
amplifications and high-throughput 
sequencing

After sediment was freeze-dried for at least 48 h (18 N; 
SCIENTZ), DNA was extracted from 0.5 g of the freeze-dried 
sediment to extract using the Qiagen DNeasy Power Soil kit. The 
extracted DNA concentration and quality were assessed with a 
NanoDrop One Spectrophotometer (Thermo Scientific), then all 
DNA was stored at −80°C. The primer sets 515F (5′-GTGCC 
AGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGG 
TWTCTAAT-3′) with unique barcodes for each sample were used 
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for amplification of the V4 region of the prokaryotic 16S rRNA gene 
(Caporaso et  al., 2011). The polymerase chain reaction (PCR) 
amplifications were carried out in a 50 μl of reaction volume, 
containing 1 μl Phanta Max Super-Fidelity DNA Polymerase 
(Vazyme, China), 25 μl 2 × Phanta Max Buffer, 1 μl dNTP Mix 
(10 μM each), 2 μl forward primer, 2 μl reverse primer, 1 μl template 
DNA (20–30 ng/μL) and 18 μl ddH2O. The PCR reaction conditions 
were as follows: 95°C for 3 min, 30 cycles of 95°C for 10 s, 60°C for 
10 s, 72°C for 45 s, and a final extension at 72°C for 5 min. The 
fungal ITS2 region was amplified using primer sets 5.8S-Fun 
(5′AACTTTYRRCAAYGGATCWCT-3′) and ITS4-Fun 
(5′-AGCCTCCGCTTATTGATATGCTTAART-3′; Taylor et  al., 
2016). The PCRs reactions were carried out in a 50 μl of reaction 
volumes with 1 μl Phanta Max Super-Fidelity DNA Polymerase 
(Vazyme, China), 25 μl 2 × Phanta Max Buffer, 1 μl dNTP Mix 
(10 μM each), 2 μl forward primer, 2 μl reverse primer, 1 μl template 
DNA (20–30 ng/μl) and ddH2O. The reaction conditions were as 
follows: 95°C for 3 min, 35 cycles of 95°C for 10 s, 52°C for 10 s, 
72°C for 45 s, and a final extension at 72°C for 5 min. The V4 
hypervariable region of 18S rRNA gene was amplified using a 
two-step PCR (Fiore-Donno et al., 2018), in the first reaction, the 
forward primer was a 1:1 mixture of C_615F_Cerco 
(5′-GTTAAAAAGCTCGTAGTTG-3′) and C_615F_Phyt 
(5′-GTTAAAARGCTCGTAGTCG-3′), while the reverse primer 
was C_S963R_Phyt_1st (5′-CAACTTTCGTTCTTGATYAAA-3′), 
the PCR amplification was carried out in a 10 μl reaction volume 
containing 0.2 μl Phanta Max Super-Fidelity DNA Polymerase, 5 μl 
2 × Phanta Max Buffer, 0.2 μl dNTP Mix (10 μM each), 0.6 μl forward 
primer, 0.6 μl reverse primer, 1 μl template DNA (20–30 ng/μL) and 
ddH2O (fill the system to 10 μl). The reaction conditions were as 
follows: 95°C for 3 min, 24 cycles of 95°C for 15 s, 55°C for 15 s, 
72°C for 40 s, and a final extension at 72°C for 5 min. The product 
of the first reaction served as the template of the second reaction 
after 100-times dilution, the primer set of the second amplification 
step was C_615F_Cerco_2nd (5’-GTTAAAARGCTCGTAGTYG-3′) 
and C_S947R_Phyt_2nd (5’-AAGARGAYATCCTTGGTG-3′) with 
unique barcode sequences, the PCR amplification was carried out 
in a 50 μl reaction volume containing 1 μl Phanta Max Super-
Fidelity DNA Polymerase, 25 μl 2 × Phanta Max Buffer, 1 μl dNTP 
Mix (10 μM each), 3 μl forward primer, 3 μl reverse primer, 2 μl 
template DNA (10–20 ng/μL) and ddH2O (fill the system to 50 μl). 
The reaction conditions were as follows: 95°C for 3 min, 10 cycles of 
95°C for 15 s, 60 to 50°C for 15 s (decrease 1°C in each cycle), 72°C 
for 40 s, 25 cycles of 95°C for 15 s, 50°C for 15 s, 72°C for 40 s and a 
final extension at 72°C for 5 min. All PCR products were purified 
by gel electrophoresis, and their concentration and quality were 
measured by NanoDrop spectrophotometer (D2500-02, OMEGA 
BioTek). Then equal molar amounts of DNA were pooled for library 
construction and quantified with a Qubit fluorimeter (Invitrogen, 
Carlsbad, CA). The NovaSeq 6000 platform (Illumina), located at 
Guangdong Magigene Biotechnology Co. Ltd. (Guangzhou, China), 
was used to sequence each amplification library. The Illumina 
sequence reads were deposited in China National Genomics Data 
Center (CNCB) with accession numbers (PRJCA013006).

2.4. Quantification of mcrA gene and 
pmoA gene for prokaryotes

To assess the gene copy abundances of mcrA and pmoA 
present at different surface inundation levels, real-time 
quantitative PCR detecting system (qPCR) experiments were 
performed. The primer sets mlas (GGTGGTGTMGGDTT 
CACMCARTA) and mcrA-rev1 (CGTTCATBGCRTAGTT 
NGGRTAGT; Steinberg and Regan, 2008) were used to amplify a 
fragment of mcrA gene and about 469 bps in length. The primers 
set A189F (GGNGACTGGGACTTCTGG) and mb661r 
(CCGGMGCAACGTCYTTACC; Knief, 2015) were used to 
amplify an approximately 470 bps fragment of the pmoA gene. 
Both qPCR experiments were conducted in 20 μl volumes 
containing 10 μl MonAmp™ SYBR Green qPCR Mix, 0.4 μl 
forward and reverse primers (10 μM each), 2 μl DNA (5–30 ng), 
and 7.2 μl ddH2O. Three replicates were performed for each 
sample. The two genes’ cycling conditions were set as follows: 
95°C for 30 s, 40 cycles of 95°C for 10 s, 56°C for 10 s and 72°C for 
30 s. All reactions were performed in triplicate on a CFX96 Touch 
Real-Time PCR Detection System (BioRad, California, USA).

2.5. Bioinformatics processing and 
statistical analysis

The raw sequences were processed via a public pipeline1 (Feng 
et al., 2017; Zhang et al., 2017). The raw sequence data were sorted 
after barcode identification, allowing a maximum of one mismatch, 
and the primers at the ends of sequences were removed. Then 
pair-end fragments were combined by FLASH (Magoč and 
Salzberg, 2011). The Btrim program was used to filter out 
unqualified sequences with a threshold Quality Score > 20 (Kong, 
2011). Operational taxonomic units (OTUs) were estimated with a 
97% similarity cut-off using UPARSE after chimera filtering and 
OTU clustering (Edgar, 2013). Taxonomic annotation was 
conducted using the RDP training set NO.18 (prokaryotes; Wang 
et al., 2007), UNITE 8.2 (fungi; Nilsson et al., 2019), and PR2 4.14.0 
(cercozoa; Guillou et al., 2013; del Campo et al., 2018) databases, 
respectively. To account for the effects of uneven sequencing depth 
among samples. we resampled reads in the OTU tables to 50,000, 
51,591 and 33,548 sequences for prokaryotes, fungi, and cercozoa, 
respectively. As the rarefaction curves indicated that the sequencing 
depth was sufficient, they were then used for the following 
biodiversity analyses.

We combined control and 0 cm as the low inundation (IL) 
group, 5, 10, and 20 cm as the moderate inundation (IM) group, 
while the high inundation (IH) group contained 30, 40 cm, 
respectively. SPSS Statistics 23.0 (IBM Corporation, Armonk, NY, 
USA) was used to perform one-way ANOVA analysis to evaluate 
differences in sediment physiochemical properties, gene copies, 

1 http://mem.rcees.ac.cn:8080
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and α diversities among different inundation states. In this study, 
the Shannon index, Pielou evenness, Chao1 and Richness, of 
prokaryotic, fungal, and cercozoan communities were calculated. 
Then, for the prokaryotic community, the OTUs belonging to the 
methanogenic and methanotrophic communities were identified 
and annotated using the Functional Annotation of the Prokaryotic 
Taxa (FAPROTAX) database (Louca et al., 2016), and these OTUs 
were used together in several following analyses. The divergence 
of community structure was shown using Principal component 
analysis (PCA) plots. Based on relative abundance, the dominant 
species of prokaryotic, fungal, and cercozoan communities, 
methanogenic and methanotrophic OTUs were calculated at the 
phylum, class, class, order, and order level, respectively. Mantel 
tests were used to estimate the effect of environmental factors on 
community structure. Spearman correlation analysis was executed 
between sediment properties and gene copies while linear 
regression was performed for the relationships between CH4 flux 
and gene copies. Figures were drawn in R (version 4.0.1) using the 
ggplot2 package (Murrell, 2009; Wickham, 2011).

2.6. Construction of molecular 
ecological networks under different 
inundation levels

To investigate the molecular interaction of three microbial 
communities under different inundation levels, molecular 
ecological networks (MENs) were constructed. To ensure the 
reliability of network comparison, according to the PCA analysis 
results of prokaryotes, we removed the 4 samples that display a 
large divergence from the other 8 samples in the IM group for the 
prokaryotic community. Therefore, the sample numbers of the 
three groups are 7 (IL), 8 (IM), and 8 (IH), respectively. OTUs that 
were shared by more than 80% of samples were retained to 
construct the MENs using Spearman’s correlation for prokaryotes, 
fungi and cercozoa, respectively. For a fair comparison, the 
correlation thresholds for each group species were kept consistent 
(prokaryotes = 0.960, fungi = 0.840, cercozoa = 0.890). Finally, the 
networks were visualized in Cytoscape 3.8.0 and the R package 
igraph. Then the network topology and global network properties 
were explored (Deng et  al., 2012). Network vulnerability was 
calculated by the R code provided by Yuan et  al. (2021). 
Robustness calculated the proportion of species remaining in the 
network after removing random or target nodes (Deng et al., 2012; 
Montesinos-Navarro et al., 2017).

We further analyzed the networks containing all three 
microbial communities and methane-associated OTUs to identify 
their potential functions related to methane emissions. Firstly, 
we eliminate methanotrophic and methanogenic OTUs from the 
prokaryotic OTUs. Then the majority of prokaryotes (25), fungi 
(9), methanotrophs (3), methanogens (3), and cercozoa (9) was 
performed, and used to calculate the appropriate threshold (0.85) 
based on the RMT method. In each network, the roles of 
individual nodes were estimated by two topological parameters: 

the within-module connectivity Zi, which quantified to what 
extent a node connected to other nodes in its own module, 
another is the among module connectivity Pi, which quantified 
how well the node connected to different modules. The nodes with 
either a high value of Zi or Pi were defined as keystone taxa, 
including module hubs (Zi > 0.25, Pi ≤ 0.62; critical to its own 
module coherence), connector hubs (Zi < 0.25, Pi > 0.62; connect 
modules together and important to network coherence), network 
hubs (Zi > 0.25, Pi > 0.62; vital to both network and its own module 
coherence), all other nodes are peripherals nodes (le Mer and 
Roger, 2001). The network modules detection was performed 
using fast greedy modularity optimization (Deng et al., 2012). For 
network modules, the module eigengene could summarize the 
closely connected members within a module (de Menezes et al., 
2015). The singular value decomposition of the module expression 
matrix was used to represent the module eigengene networks 
(Alter et  al., 2000). The module eigengene of the module was 
defined as the first principal component of the standardized 
module expression data (Langfelder and Horvath, 2007). In 
addition, the correlations between module-based eigenvalues and 
sediment properties were calculated based on Pearson algorithm 
(Deng et al., 2012; Feng et al., 2019). Both networks and modules 
were visualized in Cytoscape 3.8.0. All of the above methods and 
statistical tools for the networks were executed on the Inter-
Domain Ecological Network Analysis Pipeline (iNAP)2 (Feng 
et al., 2022).

3. Result

3.1. Physicochemical properties and CH4 
flux shifted under different levels of 
inundation

Sediment CH4 flux and physicochemical properties were 
altered by long-term inundation. As the inundation level rose, 
CH4 flux also gradually rose initially, reaching a maximum at 
10 cm inundation, but then decreased as the inundation level 
continued to rise (Figure 1). On average, the values of CH4 flux 
increased by 188 and 195% under the moderate inundation (IM) 
and the high inundation (IH) groups, respectively, than in the low 
inundation group (IL; p < 0.05; Supplementary Table S1). Among 
the physicochemical properties, dissolved oxygen and sediment 
pH were significantly lower in IM than in IL (p < 0.05). In addition, 
total sediment phosphate was 33% higher in IH than in IL 
(p < 0.05). Nitrate nitrogen decreased with inundation levels 
(p < 0.05). However, there were no detectable variations for total 
nitrate, ammonia nitrogen, organic matter, or salinity among the 
different inundation groups (Supplementary Table S1). These 
results suggested that inundation significantly altered the CH4 flux 
and several physicochemical properties.

2 http://mem.rcees.ac.cn:8081
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3.2. Inundation changed the 
abundance of mcrA and pmoA genes 
in soil

Functional genes of the two methane-associated cycles, i.e., 
pmoA and mcrA showed distinct tendencies with inundation 
levels (Figure 2). pmoA gene copies increased slightly, peaking at 
the inundation level of 20 cm, subsequently decreasing sharply 
(5.3 ± 0.9 × 107 g−1 to 1.3 ± 0.9 × 107 g−1), showing a significant 
difference under 30 cm and 40 cm inundations (p < 0.01) compared 
to 20 cm inundation (Figure 2A). However, the mcrA gene copies 
displayed no distinct trend under different inundation levels 
(Figure 2C). A significant linear relationship was found between 
CH4 flux and pmoA gene copies (R2 = 0.136, p = 0.032; Figure 2B) 
and mcrA gene copies (R2 = 0.172, p = 0.018; Figure  2D). 
Additionally, the pmoA gene quantity in soil was significantly 
positively correlated with oxygen content (Supplementary Table S2). 
The above results indicated that the inundation level could change 
the abundance of pmoA genes more significantly than mcrA genes, 
and the greater inundation levels may accelerate methane 
utilization rather than methane generation.

3.3. Inundation shifted the composition 
and structure of soil microbial 
communities

To estimate the α diversity of microbial communities under 
different levels of inundation, several indexes were calculated, 
including the Shannon index, Pielou evenness, Chao1 and 
Richness index. In the prokaryotic community, the Shannon 

(p = 0.046) and Pielou evenness (p = 0.044) indices significantly 
decreased in the IM group compared with the IL, while the shift of 
these two indices between the IL and IH groups was not significant 
(Supplementary Figures S1a–d), no significant variation among 
these indices was found in the fungal community 
(Supplementary Figures S1b–h). In the cercozoan community, 
Chao 1 increased in the IH group compared with IM group 
(Supplementary Figures S1i–l). Next, using FARPROTAX, 67 
methanogenic OTUs and 23 methanotrophic OTUs were identified 
from the prokaryotic community. Accordingly, we also performed 
α diversity analysis on these OTUs. Chao 1 and observed richness 
were significantly increased in the methanotrophic group from IL 
to IM, and Chao 1 was significantly decreased from IM to IH 
(Supplementary Figures S1m–p), however, α diversity indices of 
methanogens did not show any significant difference among the 
three inundation groups (Supplementary Figures S1q–t).

The β diversity of prokaryotes and fungi was remarkably 
divergent among the three groups based on the multiple 
dissimilarity tests, but for the cercozoan community, there was 
only a significant difference between the IL and IH groups. In the 
methanogenic community, there was a significant difference 
between the IL and IM groups, while no significant differences 
were observed in the methanotrophic community 
(Supplementary Table S3). Moreover, PCA analysis of the 
microbial communities showed a distinct separation between the 
IL and IH groups, while the IM community was only partially 
separated from the others (Supplementary Figures S2a–e). The 
composition of microbial communities also shifted under 
inundation (Supplementary Figures S2f–j). Additionally, to 
discern the associations between soil variables and the structure 

FIGURE 1

Variations in CH4 fluxes at different inundation depths (means ± SE, n = 27). In insets, inundation depths in soil were subjected to three treatments: 
Soils were exposed to low inundation (IL, n = 7), moderate inundation (IM, n = 12) and high inundation (IH, n = 8). One-way analysis of variance 
(ANOVA) of three groups was performed. For all panels, the extent of blue backgrounds indicates the three groups. ***p < 0.001.
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of all microbial communities. Mantel tests based on Jaccard 
distance were performed. The results indicated that the CH4 flux 
was significantly correlated with the prokaryotic (p = 0.002), fungal 
(p = 0.001), and cercozoan (p = 0.001) communities (Table 1).

The functional divergence observed in the prokaryotic 
community, especially, the abundances of methanogenic and 
methanotrophic microorganisms, increased with inundation 
depth (Supplementary Figure S3a). Among methanogens, the 

A B

C D

FIGURE 2

Variations in gene copies at different inundation depth and its relationship with CH4. (A) Variations in pmoA gene copies at different inundation 
depths (means ± SE, n = 27). In insets, inundation levels in soil were subjected to the three treatments: Soils were exposed to low inundation (IL), 
moderate inundation (IM) and high inundation (IH), IL (n = 7), IM (n = 12), IH (n = 8), one-way analysis of variance (ANOVA) of the three groups was 
performed. (B) Relationships between pmoA gene copies and CH4, The pink lines are fitted regressions, and the light blue-shaded areas around 
the regression lines are 95% confidence. (C) Variations in mcrA gene copies at different inundation levels (means ± SE, n = 27). (D) Relationships 
between mcrA gene copies and CH4 flux. Values with superscript letters a, b, c and are significantly different across columns (p < 0.05).

TABLE 1 Mantel tests for the correlation between environmental variables and community structure in prokaryotic, fungal, cercozoan 
communities based on Jaccard distance.

TN 
(mg/
kg)

TP 
(mg/
kg)

Ammonium 
(mg/kg)

Nitrate 
(mg/kg)

DOM 
(%)

pH Salinity 
(ppt)

Oxygen 
(vol%)

CH4 flux 
(n mol 

CH4 m−2 
s−1)

Prokaryotes r −0.1704 −0.1295 0.004 0.0535 0.057 0.0811 0.0085 0.2299 0.5425

p 0.963 0.874 0.444 0.285 0.255 0.187 0.431 0.006 0.001

Fungi r −0.0942 −0.1401 0.101 0.1992 0.0999 0.0933 0.0317 0.1414 0.3909

p 0.81 0.908 0.056 0.013 0.114 0.129 0.335 0.025 0.001

Cercozoa r −0.0935 −0.0451 0.0333 0.0423 −0.0205 0.0705 0.0646 0.2218 0.4418

p 0.771 0.648 0.286 0.338 0.604 0.222 0.22 0.003 0.001

Significantly (p < 0.05) related environment variables are shown in bold.
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hydrogenotrophic methanogenesis pathway dominated, especially 
the hydrogenotrophic pathway via the CO2-reducing pathways, 
while relative abundances of the acetoclastic and methylotrophic 
methanogenesis pathways were lower (Supplementary Figure S3b). 
These results suggested that inundation played an important role 
in shaping the microbial communities, and that there were 
significantly positive correlations between microbial communities 
and methane flux.

3.4. The shift of co-occurrence 
networks under different levels of 
inundation

Co-occurrence networks for each microbial group 
(prokaryotic, fungal and cercozoan communities) were explored 
to characterize the shift of potential interactions along the 
inundation gradient (Supplementary Figure S4), and their global 
topological properties were measured (Supplementary Table S4). 
For the prokaryotic community, the number of nodes decreased 
in IM and then increased sharply in IH, with similar patterns 
observed for the fungal and cercozoan communities. The number 
of edges within the networks showed a similar trend as the nodes. 
Network complexity decreased according to changes in average 
path distance (GD) and clustering coefficient (avgCC). The 
vulnerability of prokaryotes and cercozoa decreased at first before 
increasing with the increase of inundation levels, while the 
vulnerability of the fungal community increased initially and 
then decreased with the increase of inundation levels 
(Supplementary Table S4). The keystone taxa including modules 
hubs (Zi > 0.25, Pi ≤0.62), and connectors (Zi ≤ 0.25, Pi >0.62) 
were identified (Supplementary Figure S4). For prokaryotic 
networks, the module hubs changed from Planctomycetes and 
Proteobacteria to Actinobacteria, Acidobacteria, Planctomycetes, 
Chloroflexi and Proteobacteria, while the connector hubs shifted 
from many different taxa to Rhodothermaeota, Actinobacteria, 
Acidobacteria, and Chloroflexi. Initially, there were no module 
hubs in the fungal networks, and then taxa such as 
Sordariomycetes, Pezizomycetes, Dothideomycetes became 
module hubs, and Saccharomycetes and Sordariomycetes became 
the connectors. For cercozoan networks, only the connectors 
shifted from Endomyxa to Filosa-Sarcomonadea and Endomyxa-
Phytomyxea (Supplementary Figure S4). Therefore, these results 
indicated that the vulnerability of the microbiome changed in 
different ways, and the keystone species in co-occurrence 
networks for prokaryotic, fungal and cercozoan communities 
shifted with increasing inundation levels.

3.5. Intra-kingdom ecological association 
networks under inundation

Due to all prokaryotic, fungal and cercozoan communities 
being significantly correlated with methane flux (Table  1), 

we constructed an intra-kingdom ecological network to discern 
the potential contributions of fungi and cercozoa to methane-
associated cycles. The integrated network contained 478 nodes, 
including 100 cercozoa, 269 prokaryotes, 84 fungi, 11 
methanotrophs, and 14 methanogens (Figure 3A). Interestingly, 
methanogenic and methanotrophic taxa displayed negative 
relationships to fungal and cercozoan OTUs, but no connections 
with other prokaryotic taxa. Numerous positive relationships were 
observed among the prokaryotic taxa not involved in methanogens 
or methanotrophs (Figure 3A). More nodes were connected to 
methanogenic taxa (Figure  3B) than to methanotrophic taxa 
(Figure 3C). Only seven module hubs were identified as keystone 
nodes in this network, i.e., two nodes from prokaryotic taxa 
(Proteobacteria), three from methanogenic taxa (two nodes 
annotated Methanomassiliicoccales, one node annotated 
Methanomicrobiales), one from methanotrophic taxa 
(Methylococcales), one from cercozoan taxa, which was annotated 
Unclassified at class level. In methanogenic taxa, two of the three 
module hubs annotated Methanomassiliicoccales were closely 
related to the methanotrophic taxa and cercozoan taxa, while the 
taxa closely related toward the Methanomicrobiales were 
methanotrophic taxa and fungal taxa (Figures  3A,B). For 
methanotrophic taxa, the module hub Methylococcales was 
connected intimately with methanogenic taxa and cercozoan taxa 
(Figures 3A,C).

In addition to the discovery of key nodes in the network, the 
specific clustering modules were examined to find significant 
module-trait related to CH4 flux. Modules I-III showed significant 
negative correlations with CH4 flux, whereas Modules IV, V, VIII, 
and X showed an inconsistent trend (Figure  4A; 
Supplementary Table S5), among these modules, modules I, III and 
IV only contain prokaryotic OTUs (Supplementary Table S5). Four 
subnetworks, consisting of modules II, V, VIII, and X, respectively, 
were further extracted due to the presence of module hubs. The 
modules negatively correlated with methane were all composed of 
prokaryotic OTUs (Supplementary Table S5). Of these modules, 
module II had a module hub annotated as Proteobacteria 
(Methyloceanibacter at the order level) that had many positive 
correlations (Figure 4B). In modules that were positively correlated 
with methane fluxes, there were 4 module hubs in 
module  V  (Figure  4C), two from methanogenic taxa 
(Methanomassiliicoccales), one from methanotrophic taxa 
(Methylococcales), and one from cercozoan taxa. 
Methanomassiliicoccales possessed more connections with 
methanotrophic taxa (mainly annotated as Methylococcales) and 
cercozoan taxa (mainly annotated Filosa-Sarcomonadea; 
Supplementary Figures S5b,c). The Methylococcales module hub 
was related more to cercozoan taxa (Fliso-Sarcomonade; 
Supplementary Figure S5a). The cercozoan module hub was not 
connected to any methanogenic taxa, but it is noteworthy that it 
was significantly related to the module hubs annotated 
Methylococcales (Supplementary Figure S5d). Module VIII had 
one module hub, Methanomicrobiales, which was from the 
methanogens, and it was more tightly bound to fungi than cercozoa 
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(Figure  4D). In module X, the module hub belonged to the 
Proteobacteria, and the module contained positive relationships 
(Figure 4E). These results suggested that cercozoa and fungi had 
close associations with methane-associated prokaryotes.

4. Discussion

Atmospheric methane is an important topic in climate change 
discussions, and its most significant source is all kinds of wetland 
ecosystems (Saunois et al., 2016). Microorganisms act as both the 
generators (methanogens) and consumers (methanotrophs) of 
methane, and thus they make a significant contribution to 
climate change. Some non-methanogenic/methanotrophic 
microorganisms may play important roles in the process of 
methane emission. For example, several unicellular protists 

participate in the flow of carbon mediated by food chains and 
microbial loops as consumers (Adl et al., 2019). Based on the 
respiration of their massive amounts of hyphal material, several 
fungi are a driving force in the biological component of the 
terrestrial carbon cycle (Barron, 2003). However, fungi and 
protists associated with methane emissions have previously only 
been studied in rumen studies of cattle (Lopez-Garcia et al., 2022), 
and less attention has been paid to their role in natural ecosystems. 
In a natural ecosystem, microorganisms associate with each other 
through complex interactions (Zhang et al., 2018; Zhao Y. et al., 
2020; Qian et al., 2021), and exploring these interactions through 
co-occurrence networks (Fan et al., 2018) could help us to better 
understand ecosystem function and maintenance mechanisms 
(Kobayashi and Crouch, 2009; van Overbeek and Saikkonen, 
2016; Deveau et al., 2018). Here, we systematically investigated the 
cross-trophic networks among prokaryotes, fungi, protists and 

A

B C

FIGURE 3

Intertrophic networks among five communities and two subnetworks relative to methanotrophic OTUs and methanogenic OTUs. (A) Intertrophic 
networks of prokaryotic, fungal, cercozoan communities, methanotrophic OTUs and methanogenic OTUs under inundation. Node color indicates 
different taxonomic. Node size is proportional to network role, with larger nodes being module hubs. Red and green links represent positive and 
negative interactions, respectively. (B) Subnetworks showing the OTUs related to methanogenic OTUs, inner circle are methanogenic OTUs while 
outer circles are their connected OTUs. (C) Subnetworks showing the OTUs relative to methanotrophic OTUs, inner circle are methanotrophic 
OTUs while outer circles are the connected OTUs. The background colors represent different communities: fungi (purple), cercozoa (pink), 
methanotrophic OTUs and methanogenic OTUs (green).
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methane-associated communities in a gradient of simulated 
inundation conditions.

The shift in microbial community diversity, structure, and 
composition showed an inconsistent tendency along divergent 

inundation levels among different microbial groups. Previous 
studies have proposed that inundation can adjust the diversity and 
composition of microbial communities (Rinklebe and Langer, 
2006; Goldman et al., 2017; Shiau et al., 2018; Yang et al., 2019; de 

A

B C

D E

FIGURE 4

Correlation between module eigengenes and soil properties and display of related modules. (A) Correlation coefficients between module 
eigengenes and soil properties together with ecosystem methane (CH4) under inundation treatments. The numbers in parentheses indicate the 
number of nodes observed in each module. Module eigengenes significantly related to CH4 are in bold. Asterisks denote the significant relationships 
(*p < 0.05, **p < 0.01 and ***p < 0.001). TN, total nitrogen; TP, total phosphorus; AN, Ammonia nitrogen; NN, Nitrate nitrogen; OC, Oxygen content. 
(B–E) Representative modules that were significantly related to CH4 under inundation. In each module, node size is proportional to the network 
role, with larger nodes representing module hubs. Node color represents taxonomic groups. Prokaryotes (blue), cercozoa (red), fungi (pink), 
methanotrophic OTUs (green) and methanogenic OTUs (purple).
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Jong et  al., 2020). Here we  compared the microbial diversity 
(Shannon index, Pelious evenness, Chao1 index, Richness), 
structure, and composition among IL (CK, 0 cm), IM (5–20 cm), 
IH (30–40 cm) groups (Supplementary Figures S1, S2). Our results 
demonstrated that prokaryotic Pelious evenness decreased in IM 
as compared to IL, which was inconsistent with observations from 
mangrove peat soil under inundation (Chambers et al., 2016). 
Badin et al. (2011) observed the fungal biomass was less driven by 
moisture content, similar to the observations in this study, while 
previous studies in three kinds of the floodplain showed that fungi 
had low survival rates in chronically submerged soil (Rinklebe and 
Langer, 2006). The cercozoan diversity in IH was higher than 
IM. The methanotrophic community showed a parallel tendency 
with the whole prokaryotic community. Methanogenic diversity 
showed no divergence, even though previous studies indicated 
that methanogenic community would be  affected by flooding 
(Hernández et  al., 2019; Shen et  al., 2022). Except for these 
changes in methane-related microbes, methane-related genes 
(mcrA and pmoA) showed a significant positive correlation with 
methane flux under inundation conditions. First, the substrate of 
methane generation was produced, then the mcrA gene could 
express to produce methane based on this substrate, therefore, the 
copy numbers of mcrA gene are consistent with the methane flux 
(Steinberg and Regan, 2008). The positive correlation between 
pmoA gene copies (Knief, 2015) and methane flux may be due to 
that methane generation may directly affect the expression of the 
pmoA gene in an inundation environment, as soon as methane is 
created, it is rapidly utilized. These consistent or inconsistent 
tendencies in prokaryotic, fungal, and protistan diversity indicated 
that coastal soils could be  susceptible and the divergence in 
microbial diversity did not linearly correlate with the inundation 
level gradient. In addition, the changes of methane-related 
microbes and methane-related gene expression showed a unique 
pattern under inundation condition.

Except for biodiversity, the co-occurrence networks 
within  each microbial community along the inundation 
gradient were altered. Within the intradomain networks 
(Supplementary Figure S4; Supplementary Table S4), the 
number of edges and nodes first decreased and then increased 
along the gradient of inundation level, and this trend is 
consistent with the change in richness values and Chao 1. The 
phenomenon may be due to a partial plant stomatal closure 
under water with lower photosynthesis activity in the 
submerged leaves, when the inundation reaches a certain level 
(Schedlbauer et al., 2010; Han et al., 2015). Thus, an anaerobic 
environment is formed, resulting in the extinction of aerobic 
microorganisms. However, if the inundation level rises again 
to a higher level, more plant shoots and leaves are submerged, 
and the increase in organic residues provides resources for 
microorganisms, which may buffer the adverse effects of the 
anaerobic environment on the microbes. Inundation resulted 
in a slight increase in the vulnerability of the prokaryotic 
community, but a more pronounced change in the fungal and 

cercozoan communities, possibly due to their inherently low 
diversity. Inundation causes water to infiltrate into the soil 
pore space, altering the distribution of nutrient content. Also, 
the flowing water bodies create difficulties for microbial 
colonization, further leading to heterogeneity and irregularity 
in the distribution of these microorganisms in the soil. As a 
result, their species interactions become more susceptible to 
external influences under the stressful environments of 
inundation. Except for it, the robustness of the network was 
calculated (Supplementary Figure S6), as for prokaryotic 
communities, the robustness increased significantly at high 
inundation levels, but the robustness of fungal communities 
and cercozoan communities did not change significantly 
(Deng et  al., 2012; Montesinos-Navarro et  al., 2017). The 
result suggested that prokaryotic communities are more likely 
to remain stable under high inundation conditions. In 
addition, keystone species also shifted greatly in the 
co-occurrence network along different inundation levels. 
Similar results were reported in Gao’s study, which revealed 
that increasing water content can significantly decrease the 
relative abundance of keystone species (Gao et  al., 2021). 
Keystone species such as connectors or module hubs are 
considered to play critical roles in network structure 
maintenance (Deng et al., 2012; Ma et al., 2016), and this shift 
also demonstrated the sensitivity of molecular interactions to 
inundation as well. Taken together, inundation can make the 
interaction between microorganisms fragile, especially in 
fungal and cercozoan communities.

In this study, the methane-associated communities may 
show a preference for interaction under inundation, as they 
may be more likely to negatively interact with the cercozoan 
and fungal communities (Figure 3). This inverse correlation 
was inconsistent with previous studies in the rumen of 
animals, where the metabolites of anaerobic fungi can be used 
by methanogens to co-exist (Wood et al., 1986; Nakashimada 
et al., 2000). A possible explanation for this divergence may 
be due to microorganisms from different sources showing a 
diversity of birth environment preference and metabolic 
mode. Hydrogen generated by ciliated protozoa can be utilized 
by methanogens to synthesize methane for methanogenic taxa, 
but it is important to note that not all protozoa are the same 
(Newbold et  al., 1995; Ranilla et  al., 2007). For example, 
holotrich protozoa play a disproportionate role in supporting 
methanogenesis by competing with methanogens for nutrients 
(Newbold et al., 2015). Cercozoa is known to feed on bacteria, 
fungi, and even some eukaryotes (Dumack et al., 2020), and 
thus another factor may be  that the predation effect of 
cercozoa on microbiota is much stronger than its synergistic 
effect on methanogens in an inundation environment. The 
negative correlation between methanogenic communities and 
fungi, cercozoa may result from resource competition and 
predation. But for methanotrophic taxa, it is likely due to 
apparent competition (Holt, 1977) and predation, respectively. 
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Because of the priority effects provided by negative correlation, 
late-arriving species could not grow because of the effects of 
early arriving species, the competition or predation can 
stabilize the fluctuation of community with disturbance and 
promote the stability of the network (Coyte et al., 2015; de 
Vries et  al., 2018). Conventionally, methanogens could 
cooperate with the fermenting bacteria and syntrophic 
bacteria to finish the typical anaerobic syntrophic oxidation 
(McInerney et  al., 1979), however, in this study, methane-
related microbes were more likely to interact with the cercozoa 
and fungi, the reasons may as follows: the function and 
composition of syntrophic bacteria and fermenting bacteria 
may become fragile due to the influence of water osmotic 
pressure (Badin et  al., 2011), and their potential ability to 
degrade substrates became weakened. In addition, hydrological 
changes may affect the interactions among microorganisms 
(Unger et  al., 2009), to stabilize the whole community, 
methane-related microbes tend to reinforce negative 
interactions with cercozoa and fungi among many 
microorganisms rather than the positive interactions with 
prokaryotes (Coyte et  al., 2015; de Vries et  al., 2018). 
Therefore, the preference and negative correlation of methane-
associated microorganisms with cercozoa and fungi may be a 
special way to maintain a stable species interaction state in an 
inundation environment.

Among several methane-related modules, environmental 
factors tend to affect the modules positively correlated with 
CH4 flux, and pH may be an important environmental factor 
in regulating modules. Among the modules negatively 
correlated with methane, the Alphaproteobacterial OTU 
annotated as Methyloceanibacter (genus) was one of the 
module hubs in module II (Figure 4B). Marine methylotrophs 
are vitally important in the global carbon cycle as they 
metabolize one-carbon compounds. One of the newly isolated 
Methyloceanibacter species from the North Sea was found to 
be capable of oxidizing methane as the sole source of carbon 
and energy by solely using a soluble methane monooxygenase 
(Takeuchi et  al., 2014; Vekeman et  al., 2016). Therefore, 
Methyloceanibacter is crucial for suppressing methane 
production under inundation. In module V (Figure 4B), one 
of the four module hubs was a cercozoan OTU (Figure 4C), 
which indicated that cercozoa may be  a nonnegligible 
component of the soil microbiome under inundation. Previous 
studies show that protists can act as dynamic bonds among 
soil microorganisms (Xiong et al., 2018; Asiloglu et al., 2021). 
It was interesting that there was a significant negative 
correlation between this cercozoan OTU and a 
Methylococcales module hub, the negative correlation may 
contribute to the positive association of the whole module 
with methane emissions. The other two module hubs were 
Methanomassiliicoccales and Methanomicrobiales, the form 
of which is a new methanogenic archaea order, belonging to 
the Euryarchaeota, present in marine and lake habitats 

(Söllinger et  al., 2016), and can use external H2 to reduce 
methyl compounds for the production of methane (Borrel 
et  al., 2014). Methanomicrobiales are widely found in 
mangrove sediments, which is one of the more abundant 
Euryarchaeotal methanogenic orders (Li et  al., 2012; Zhou 
et  al., 2014). In modules significantly correlated with CH4 
(Figure 4A), environmental factors such as total nitrogen, total 
phosphate, organic matter and pH are more likely to drive 
species interactions among modules that are positively 
correlated with CH4. In addition, Module V was correlated 
significantly with pH. In previous studies, pH is one of the key 
factors driving the prokaryotic community in offshore 
sediments (Yu et al., 2022). This environmental factor mainly 
affects the prokaryotic community through affecting the 
structure of microbial cell membrane and availability of soil 
nutrients (Gabler et al., 2017; Wang et al., 2020). Thus, pH 
may be an important factor in regulating species interaction 
to contribute to CH4 emission positively. Therefore, under 
inundation conditions, several environmental factors, 
especially pH, may tend to contribute positively to methane 
production and by influencing species interaction.

5. Conclusion

The present study revealed the feedback of microbial 
communities driving methane emissions in coastal soils. Our 
results indicated that the methane flux increased first and then 
decreased with the increase of inundation level, and the diversity, 
community composition and co-occurrence networks of soil 
prokaryotic, fungal, and cercozoan communities were 
significantly shifted with different inundation levels. In addition, 
during the inundation state, methane-associated species and 
cercozoan community OTUs dominated the species interactions. 
Environmental factors mainly affected the interaction between 
species that could promote methane emissions. Overall, 
simulated inundation triggered some negative correlations 
between methane-associated species and other microorganisms, 
and the fungal and cercozoan communities may both play a 
leading role in regulating methane emission. Moreover, the 
environmental variables, especially pH, tend to regulate network 
modules significantly positively related to CH4. This study 
provides a new perspective on microbial cross-trophic 
relationships for the budget of wetland CH4 emissions.
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Soil dissolved organic matter (DOM) plays a vital role in biogeochemical 

processes. Global warming leads to increased freeze–thaw cycles (FTCs) in 

boreal forest soils, which can change DOM production and consumption. 

However, the interactions between the chemical composition of DOM 

molecules and the microbial communities that drive C decomposition in 

the context of freeze–thaw are poorly understood. Here, a FTCs incubation 

experiment was conducted. Combined with pyrolysis gas chromatography–

mass spectrometry and high-throughput sequencing techniques, the 

relationships between DOM chemodiversity and microbial community 

structure were assessed. Results indicated that both low-frequency (2FTCs) 

and high-frequency freeze–thaw cycles (6FTCs) significantly increased 

soil dissolved organic carbon (DOC) contents in the surface (0–10 cm) 

and subsurface (50–60 cm) soil layers. In the topsoil, FTCs significantly 

reduced the relative abundance of aromatic compounds, but increased the 

relative proportions of alkanes, phenols, fatty acid methyl esters (Me) and 

polysaccharides in the DOM. In the subsuface soil layer, only the relative 

abundance of Me in the 6FTCs treatment increased significantly. The response 

of bacterial communities to FTCs was more sensitive than that of fungi, among 

which only the relative abundance of Gammaproteobacteria increased by 

FTCs. Moreover, the relative abundance of these taxa was positively correlated 

with the increment of DOC. Co-occurrence networks confirmed DOM-

bacterial interactions, implying that specific microorganisms degrade specific 

substrates. At class level, Gammaproteobacteria were significantly positively 

correlated with labile C (polysaccharides and alkanes), whereas other bacterial 

classes such as Actinobacteria, Alphaproteobacteria, and Thermoleophilia 

were significantly positively correlated with aromatic compounds in the topsoil. 

Collectively, FTCs tended to activate DOM and enhance its biodegradability 

of DOM, potentially hampering DOC accumulation and C sequestration.  

These findings highlight the potential of DOM molecular mechanisms to 
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regulate the functional states of soil bacterial communities under increased 

FTCs.

KEYWORDS

freeze–thaw cycles, dissolved organic matter, pyrolysis gas chromatography–mass 
spectrometry, high-throughput sequencing, boreal forest

Highlights

 - Freeze–thaw cycles (FTCs) increase DOC release and change the chemical structure 
of DOM in the surface and deep soils in the boreal forest.

 - The improvement of DOM bioavailability is detrimental to DOC accumulation.
 - Gammaproteobacteria play a dominant role in DOC production under the scenarios 

of intensified freezing–thawing.

1. Introduction

Dissolved organic matter (DOM) is the most active and 
bioavailable component of organic matter in soil. It is defined as a 
heterogeneous continuum of organic molecules of various sizes, 
that are soluble in water and can pass through a 0.45 um pore size 
filter (Rombolà et al., 2022). Soil DOM is mainly composed of 
amino acids, polysaccharides, organic acids, and low molecular 
weight components (Caricasole et al., 2010). Although accounting 
for only 2% of total soil organic matter (SOM), DOM plays a 
central role as a microbial substrate source, in soil aggregation, in 
carbon storage, and in the supply of plant nutrients (Nebbioso and 
Piccolo, 2013). The composition and quantity of DOM in soils is 
susceptible to many natural and anthropogenic factors, microbial 
processes and soil properties (e.g., soil pH, C/N ratio). It is likely 
that the complex chemical composition of soil DOM is stongly 
affected by environmental variations and soil composition. The 
release of DOM due to these environmental factors may 
chemically alter soil nutrient cycles, as well as transport carbon 
with pore water through leaching and surface run-off, leading to 
carbon losses. Soil freeze–thaw cycles (FTCs) are a prominent 
aspect of global change in high-latitude ecosystems, and have a 
significant effect on soil DOM release and chemical changes (Gao 
et al., 2021).

Reduced snow cover at high latitudes leads to an increase in 
the frequency and severity of soil FTCs (Gao et al., 2021). FTCs 
cause repeated fluctuations in the soil water phase and in soil 
temperature. These changes lead to microbial cell death, soil 
aggregate disruption and exposure of exchange sites, which in 
turn leads to increases in soil DOM concentration, thus affecting 
sequestration and stability of SOC (Oztas and Fayetorbay, 2003; 
Tan et al., 2014). In the past decade, most of the research on DOM 
in the context of freeze–thaw was limited to the amount of DOM 
(Hentschel et al., 2008; Watanabe et al., 2019). Only a few studies 
have reported that freeze –thaw changed the chemical composition 
of DOM. They found that FTC reduced the polysaccharide 
content and increased the lignin content of DOM in forest soils 
(Schmitt et al., 2008; Wu et al., 2017).

Laboratory incubation studies furthermore indicated that 
4–93% of soil derived DOM can be  decomposed by 
microorganisms (Kalbitz et al., 2003). So, a more comprehensive 
understanding of DOM chemical composition is necessary to 
identify the organic compounds that control the susceptibility of 
DOM to microbial degradation (Ward and Cory, 2015). Among 
analytical techniques for determining DOM chemistry, pyrolysis–
gas chromatography/mass spectrometry (Py-GC/MS) is an 
effective tool that can directly offer information on molecular 
structures (Rombolà et al., 2022). This technique adopts a thermal 
pulse method to break macromolecules into fragments which are 
suitable for GC. The technique is semiquantitative. Due to 
selectivity of the GC column and the large number of compounds 
after pyrolysis, it is difficult to use specific internal standards for 
quantitative analysis. Nevertheless, it can be used for assessing 
changes in the relative abundance of different macromolecular 
components in DOM (Kaal et al., 2017).

Soil microorganisms, in particular, are vital mediators of 
degrading organic matter and together with DOM biodegradability 
partly determine biogeochemical fluxes (Ward and Cory, 2015). 
Furthermore, specific compound metabolism has been linked to 
specific microbial groups (e.g., lignin decomposition, nitrogen 
fixation; Cottrell and Kirchman, 2000). That linkage implies that 
the microbiota in the natural environment have the ability to 
selectively use different carbon substrates (Judd et al., 2006). For 
instance, copiotrophic bacteria (e.g., Proteobacteria, Acidobacteria) 
tend to favor decomposition of protein components in DOM 
(Yang et al., 2020), whereas soil bacterial activity can be inhibited 
by high concentrations of organic acids (Lehmann et al., 2020). 
Fungi also play an important role in DOM degradation due to 
their broad enzymatic capabilities and substrate preferences 
(Glassman et al., 2018). Fungi are regarded as the main organisms 
producing DOM, because their activity results in an incomplete 
degradation of SOM (Zsolnay, 2003). FTCs improve C and N 
availability, i.e., they cause significant increase in dissolved organic 
carbon (DOC) and dissolved organic nitrogen (DON) contents, 
thereby affecting the composition and function of the soil 
microbial community (Feng et al., 2007). Preferential utilization 
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of labile C and N by surviving microorganisms can alter 
decomposition and substrate preferences, enabling a shift from 
complex plant polymers to low molecular weight compounds 
found in necromass (Perez-Mon et  al., 2020). The fate of 
DOM-microbe interactions in freeze–thaw environments has not 
been elucidated. Except for the physical release of DOM, it is 
necessary to know which particular microbial assemblages 
dominate DOM production and which microbiota are reduced.

The objectives of this study are to explore the changes in DOM 
chemical composition under FTCs treatments, as well as the 
microbial degradation mechanism and their controlling factors. 
We hypothesize that: (1) FTCs can increase the bioavailability of 
DOM and can promote the conversion of aromatic compounds 
into polysaccharides; (2) FTCs increase the activity of dominant 
species and thus increase mineralization, while eliminating 
sensitive microorganisms, both of which jointly dominate 
DOC production.

2. Materials and methods

2.1. Study area

The Greater Khingan Mountains in Inner Mongolia 
(Northeast China), are located at the southern edge of the Eurasian 
permafrost region. This region is characterized by a cold temperate 
continental monsoon climate with long cold winters and short 
warm summers, and a fragile permafrost that is sensitivity to 
global warming. The annual average air temperature is −5.4°C and 
the mean annual precipitation is 580 mm. The annual average 
temperature has been increasing 0.32°C/ 10a over the past 60 year 
(1960–2020; Liu et al., 2020). Compared with the daily average 
temperature during the spring freeze–thaw period in the past 
20 years (2000–2020), the frequency of FTCs increased 
significantly (Supplementary Figure S1a). The study sites were 
selected in the Greater Khingan Mountains Forest Ecosystem 

Research Station (121°30′-121°31′ E, 50°49′-50°51′ N, altitude 
800–1,000 m). The zonal vegetation is mainly composed of 
Dahurian larch (Larix gmelinii) mixed with a number of White 
birches (Betula platyphylla) in the arbor layer, with dense 
Rhododendron dauricum and Ledum palustre in the herbaceous 
layer (Gao et al., 2019). The dominant soil types are Cambic and 
Leptic Umbrisols (WRB; Lützow et  al., 2006). The average 
thickness of the organic layer is 10 cm and the average thickness 
of the active layer is about 60 cm. The soil is slightly acidic, with a 
pH in the range 6.10–6.52 (Table 1).

2.2. Soil sampling and FTCs experimental 
design

In September 2020, three 20 m × 20 m square plots were 
established in mixed forests dominated by White birch and 
Dahurian larch. Plot were separated by a buffer zone of 20 m wide. 
In each plot, after removing the litter layer, the soils were sampled 
at 10 points along the diagonal line at the depths of 0–10 cm and 
50–60 cm using a soil auger (Φ = 4 cm). The sample soils from each 
plot at the same depth were mixed uniformly into a composite 
sample. Those samples were sieved with a 2-mm mesh to remove 
roots, gravels, etc. and subsamples were air-dried at 40°C to 
determine pH, soil moisture, total nitrogen (TN), and total carbon 
(TC). The remaining subsamples were used to conduct a 
simulation FTCs experiment.

The daily air temperature measured at the Forest Ecosystem 
Research Station in the Greater Khingan Mountains showed that 
freeze–thaw mostly occurs from mid-March to mid-April. The 
average temperature during that period range from −10°C to 5°C, 
and the number of freeze–thaw cycles in that period varies between 
2 and 6 (Supplementary Figure S1b). Accordingly, the simulation 
FTCs experiment was designed with three treatments: (i) constant 
culture at 5°C (CK), (ii) two freeze–thaw cycles (2FTCs), and (iii) 
six freeze–thaw cycles (6FTCs). The incubation temperature was 

TABLE 1 Soil properties under freeze–thaw treatment at different depths.

Soil layer Treatment†
TC TN

C/N
NH4

+-N NO3
−-N

pH
(g kg−1) (g kg−1) (mg kg−1) (mg kg−1)

0–10 cm CK 130.67 ± 1.69 7.04 ± 0.06 18.57 ± 0.11 10.22 ± 0.70 0.42 ± 0.05 6.52 ± 0.25

2FTC 128.49 ± 0.22 6.93 ± 0.22 18.58 ± 0.59 9.54 ± 1.53 0.22 ± 0.05 6.25 ± 0.10

6FTC 127.37 ± 1.07 7.37 ± 0.17 18.18 ± 0.84 11.95 ± 0.56 0.44 ± 0.14 6.11 ± 0.05

F 2.09 1.89 0.15 1.47 1.77 1.74

P 0.2 0.23 0.86 0.3 0.25 0.25

50–60 cm CK 164.88 ± 2.79 8.00 ± 0.08 20.61 ± 0.17 10.25 ± 0.47 0.36 ± 0.04a 6.10 ± 0.02

2FTC 161.42 ± 3.00 7.42 ± 0.03 21.74 ± 0.45 6.51 ± 0.75 0.05 ± 0.02b 6.18 ± 0.03

6FTC 166.21 ± 0.99 7.78 ± 0.21 21.39 ± 0.53 9.64 ± 2.55 0.08 ± 0.03b 6.15 ± 0.05

F 1.03 4.86 1.98 1.66 10.64 1.21

P 0.41 0.06 0.22 0.27 0.01 0.36

†CK, 2FTC, 6FTC are cultured at 5°C, freeze–thaw treatment of 2 cycles and 6 cycles, respectively. TC, total carbon; TN, total nitrogen. Lowercase letters represent significant difference 
among freeze–thaw treatments at each soil depth in one-way ANOVA (p < 0.05).

51

https://doi.org/10.3389/fmicb.2022.1012512
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Yang et al. 10.3389/fmicb.2022.1012512

Frontiers in Microbiology 04 frontiersin.org

set to −10°C, −5°C, 2°C, and 5°C in sequence for one freeze–thaw 
cycle (Supplementary Figure S1c). Each temperature was cultured 
for 6 days and 2 days under the scenarios of 2FTCs and 6FTCs, 
respectively. Homogenized soil samples of 100 g each were put into 
250 mL glass Mason jars with the moisture adjusted to 60% of 
water filled pore space (WFPS). All samples were pre-incubated at 
5°C for 7 days to allow microorganisms to acclimatize. All samples 
were incubated for 55 days.

2.3. Measurement of soil chemical 
properties

A subsample of each air-dried soil sample was milled with a 
ball mill (MM400, Retsch GmbH, Haan, Germany) and then 
analyzed for soil TC and TN concentrations using an elemental 
analyzer (Vario EL III, Elementar, Hanau, Germany). Fresh soil 
samples were extracted with 2.0 M KCl (soil: solution = 1:10 w/v) 
and inorganic nitrogen (NH4

+-N, NO3
−-N) concentrations were 

measured using a continuous flow autoanalyzer (AA3, SEAL, 
Germany). Water-extractable DOC was determined using a TOC 
analyzer (Liqui TOCII, Elementar, Germany). Soil pH (soil: 
water = 1:2.5 w/v) was determined using a portable pH meter 
(Mettler Toledo FE28, Switzerland).

2.4. Molecular characterization of DOM 
by analytical pyrolysis

Pyrolysis-gas chromatography–mass spectrometry analysis was 
conducted for DOM characterization using a multi-shot pyrolyzer 
(PY-3030D, Frontier Laboratories, Fukushima, Japan) attached to an 
Agilent 7,890 N gas chromatograph (GC) connected to an Agilent 
7000B mass spectrometer (MS). The GC was equipped with an 
elastic Quartz Capillary Column (HP-5MS, 30 m × 0.25 mm × 0.25 μm 
inner diameter). DOM-containing extracts were lyophilized using a 
freeze-dryer (ALPHA1-4/Ldplus, Germany). Lyophilized samples 
(10 mg) were weighted into a small stainless-steel cup and inserted 
into a pre-heated furnace. The pyrolysis temperature was set as 
follows: 50°C for 1 min then rose to 600°C, from 50°C to 250°C at a 
rate of 50°C min−1 and 250°C to 600°C at 30°C min−1. The GC oven 
was heated from 40°C to 290°C at 4°C min−1. The MS was operated 
in electron ionization mode (70 eV, scanning 50–550 m/z) with GC 
injector at 230°C and ion source temperature at 280°C. The carrier 
gas was helium (1.2 mL min−1). The relative proportion of each 
compound was equal to the percentage of the peak area of each 
product to the total peak area.

2.5. DNA extraction, amplification, and 
Miseq sequencing

Genomic DNA was extracted from 0.25 g of homogenized soil 
sample, using a PowerSoil DNA Isolation Kit (MoBio Laboratories, 

Inc., Carlsbad, CA, USA) according to the manufacturer’s 
recommendation. The V3-V4 regions of bacterial 16S rRNA were 
amplified using the primer sets 515F (5′-GTGCCAGCM 
GCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′; 
Gao et  al., 2015). The primers ITS1F (5′-CTTGGTCATTT 
AGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTC 
ATCGATGC-3′) were used to amplify fungal ITS genes (Orgiazzi 
et al., 2012). A qPCR was performed in a TransGen AP221-02 
reaction system containing 4 μL (2×) FastPfu Buffer, 0.8 μL Primer 
(5 μM), 2 μL dNTPs (2.5 mM), 0.4 μL FastPfu Polymerase, 10 ng 
template DNA, 0.2 μL BSA, and mixed 20 μL ultra-pure water. The 
purified PCR products were subjected to paired-end sequencing 
using a Miseq Illumina platform (Majorbio Bio-Pharm Technolggy 
Co., Ltd., Shanghai, China). The raw sequences were analyzed 
using a Trimmomatic v.0.32 (Bolger et al., 2014). We used FLASH 
to assemble paired-end clean reads which were merged as original 
tags, and the sequences with quality scores below 20 and/or lengths 
less than 150 bp were removed (Magoč and Salzberg, 2011). The 
denoised and sorted raw sequences were clustered into operational 
taxonomic units (OTUs) by using the UPARSE method with 97% 
identity threshold (Caporaso et al., 2010; Edgar, 2013). The 
taxonomic identities of the fungi and bacteria were assigned using 
RDP Classifier 2.2 (Wang et al., 2007) based on comparison with 
the UNITE 7.2 (Kõljalg et al., 2013) database and SILVA 128 (Quast 
et al., 2012), respectively. To compensate for different sequencing 
depths, samples were rarefied to an even depth of 69,041 reads for 
16S and 45,955 for ITS sequences.

2.6. Data analysis

All analyses were conducted in R software (version 4.1.1). 
Before statistical analysis, the normality of the data was checked 
by a Shapior–Wilk’s test and the homogeneity of variance was test 
by a Levene’s test. One-way analysis of variance (ANOVA) 
combined with a Turkey’s HSD test were used to compare the 
means in test parameters between FTCs treatments. A Student’s 
t-test was performed to analyze the differences in abiotic and 
biotic properties at two soil depths (0–10 cm and 50–60 cm). 
Principal component analysis (PCA) was performed to evaluate 
changes in the DOM chemical compositions under different FTCs 
treatments with the ‘factoextra’ package. After calculating the 
Bray-Curtis distances, principal coordinates analysis (PCoA) was 
used to analyze the dissimilarity of soil microbial composition at 
the OTU level. Differences in the microbial communities between 
FTC treatments were further tested by analysis of similarities 
(ANOSIM) and non-parametric multivariate analysis (ADONIS) 
using the ‘vegan’ package. Mantel tests were implemented to 
interpret the significance of soil properties on the microbial 
compositions. The relationships between response variables and 
explanatory variables under FTCs treatments were tested using 
ordinary least squares (OLS). Co-occurrence networks were 
inferred for each soil layer (9 samples per layer) between the 
bacteria OTUs (abundance >0.05%) and DOM molecules based 
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on the Spearman correlation matrix using the ‘psych’ package. To 
reduce network complexity, only individual DOM molecules with 
their abundance >0.01%, a correlation coefficient |R| > 0.8, and 
p < 0.001 were retained for further analysis. The co-occurrence 
networks were visualized by the Cytoscape 3.9.0 software. 
Redundancy analysis (RDA), following a Monte Carlo 
permutation test (999 permutations) was conducted to evaluate 
the influence of soil chemical parameters on bacterial community 
composition under FTCs treatment. The soil chemical parameters 
were first examined to reduce the collinearity by eliminating 
predictors with VIF > 10. A forward selection procedure on 
environmental variables were performed by the ‘ordiR2step’ 
function in the vegan package to select the descriptors that affect 
bacterial community composition. Forward selection is a type of 
stepwise regression that starts with an empty model and adds 
variables one by one. In each forward step, it adds the one variable 
that gives the single best improvement to the regression model 
and this process is carried out by an automatic procedure.

3. Results

3.1. Soil chemical properties

Soil TC, TN, C/N, pH and NH4
+-N were not significantly 

different among the FTCs treatments. However, FTCs significantly 
decreased the subsurface soil NO3

—N content (Table 1). FTCs 
significantly increased the soil DOC content in the surface and 
subsurface layers from 35.04 to 47.57% and from 26.73 to 21.44%, 
respectively (Figure 1).

3.2. DOM chemical properties

A total of 121 pyrolytic compounds were identified from 
DOM extracts (Table S1). The pyrolytic compounds were grouped 
according to their chemical similarity and probable origin in the 
following categories: alkanes, alkenes, aromatics, polyaromatics 
(PAH), nitrogen compounds (N-comps), phenols, polysaccharides 
(Polysac), and fatty acid methyl esters (Me; Figure 2). In both 
surface (0–10 cm) and subsuface soils (50–60 cm), the relative 
abundance of polysaccharides (41.94%) was the highest, followed 
by that of aromatics (29.32%). The relative abundances of PAH, 
N-comps, and phenols were less than 10%. The relative 
abundances of alkanes and alkenes were less than 1.6% (Figure 2). 
The relative abundance of Me was two orders of magnitude lower 
than that of other compounds (Figure 2). In topsoil, the 6FTCs 
treatment significantly increased the relative abundance of 
polysaccharides by 40.76%, and increased the relative abundance 
of Me by 1.35-folds (Figure 2A). Similarly, the 2FTCs treatment 
significantly increased the relative abundance of alkanes by 2.32-
folds and increased the relative abundance of phenols by 61.94% 
(Figure 2A). On the contrary, the relative abundance of aromatics 
significantly decreased from 30.53 to 17.04% under the 6FTCs 

treatment (Figure 2A). In the deeper soil layer, only Me showed a 
significant difference under FTCs treatments (Figure  2B), i.e., 
increased by 2.25-folds under the 6FTCs treatment.

FIGURE 1

DOC contents in the 0–10 cm and 50–60 cm soil layer under 
different freeze–thaw cycles. CK was cultured at 5°C, while 
2FTC, and 6FTC represent freeze–thaw treatment of 2 cycles and 
6 cycles, respectively. Different lowercase letters indicate 
significant differences within each freeze–thaw treatment 
(p < 0.05). Different capital letters showed significant differences 
between the two soil dephts (p < 0.05).

A

B

FIGURE 2

Relative abundances of 8 chemicals groups of DOM in different 
freeze–thaw cycles. (A) 0–10 cm; (B) 50–60 cm. PAH, 
Polyaromatics; N-comps, N-compounds; Polysac, 
Polysaccharide compounds; Me, Fatty acid methy esters. CK, 
2FTC, and 6FTC represent cultured at 5°C, freeze–thaw 
treatment of 2 cycles and 6 cycles, respectively. The relative 
abundances of Me are represented on the right axis. Different 
lowercase letters indicate significant differences within each 
freeze–thaw treatment (p < 0.05).
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A B

C D

E F

FIGURE 3

Distribution and relative abundance of Alkane in (A) 0–10 cm; (B) 50–60 cm. Alkene in (C) 0–10 cm; (D) 50–60 cm. Fatty acid methyl esters in 
(E) 0–10 cm; (F) 50–60 cm. CK, 2FTCs, and 6FTCs represent culture at 5°C, two freeze–thaw cycles, and six freeze–thaw cycles, respectively.

In the topsoil, 2FTCs significantly increased the relative 
abundance of long-chain alkanes (C25-C32), while 6FTCs 
only significantly increased C23 and C25 (Figure 3A). In the 
deeper soil, 2FTCs tended to significantly increase long-chain 
alkanes (C26–C30), but 6FTCs significantly increased short-
chain alkanes (C13–C19; Figure  3B). The n-alkane series 
exhibited even-to-odd predominance, which was not affected 
by FTCs treatments (Figures  3C, D). A homolog series of 
n-fatty acids (C16–C22) was found in all DOM extracts 
samples with a maximum at C16 (Figures  3E, F). C18 was 
increased significantly in surface soil under 6FTCs treatment, 
and C16 and C18 also increased considerably in deep soil 
(Figures 3E, F).

The PCA of DOM chemical components for each soil layer is 
presented in Supplementary Figure S2. The first two axes of the 
PCA explained 37.16 and 22.37% of the overall variation for the 
topsoil (Supplementary Figure S2a). For deep soils, the first two 
axes explained 65.76% of the variation (PC1 = 44.53%; 

PC2 = 21.23%) in DOM chemical composition 
(Supplementary Figure S2c). PCA sample scores showed that 
6FTCs had a greater impact on DOM chemical compositions 
in both surface and deep soils (Supplementary Figures S2b, d) 
than 2FTCs.

3.3. Microbial community structure and 
diversity

PCoA analysis indicated that FTCs had significant effects on 
bacterial community but not fungal community in the two soil 
layers (Figure  4). The dominant phyla of bacteria were 
Proteobacteria (48.60%) and Actinobancteria (24.55%; 
Supplementary Figures S3a, b). At class level, Gemmaproteobacteria, 
Actinobacteria, and Alphaproteobacteria, accounted for 71.89% of 
the total bacterial abundance (Figures 5A, B). In the topsoil, FTCs 
significantly increased the relative abundance of 
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Gemmaproteobacteria, but clearly decreased the relative 
abundances of Alphaproteobacteria, Thermoleophilia, 
Acidobacteriae, Gemmatimonadetes, and Planctomycetes 
(Figure  5A). Similarly, in addition to the decreased bacterial 
classes listed above, FTCs also significantly reduced the relative 
abundances of Bacilli and KD4-96 in deep soil (Figure 5B). FTCs 
significantly changed the Shannon index of bacterial alpha 
diversity regardless of the soil layer (Supplementary Figure S4). 
For soil fungi community, the dominant fungal phyla in the 
control soils were Ascomycota (87.01%) and Basidiomycota 
(5.55%; Supplementary Figures S3c, d), and the dominant classes 
were Leotiomycetes (45.66%), followed by Dothideomycetes 
(17.58%; Figures 5C, D). Fungal community composition did not 
respond sensitively to FTCs, either at the phylum or class level 
(Figures 5C, D,  Supplementary Figures S3c, d). Furthermore, the 
Shannon index of fungi did not change significantly under FTCs 
treatment (Supplementary Figure S4).

3.4. Association between soil chemical 
properties and microbial community

In the topsoil, aromatic compounds were positively correlated 
with Actinobacteria, Alphaproteobacteria and Thermoleophilia, but 
were negatively correlated with Gammaproteobacteria. Alkenes 
were positively associated with Alphaproteobacteria and 
Acidobacteriae, whereas Alkanes showed a negative correlation with 
Acidobacteriae. At OTU level, OTU7008, which belonged to 
members of KD4-96, Chloroflexi, showed strong positive (blue lines) 
correlation with recalcitrant compounds (Aromatics and PAH; 
Figure  6B). OTU9140 affiliated to members of Solibacterales, 
Acidobacteriae, and was significantly negatively correlated with 
long-chain alkanes (A26–A32; Figure 6B). Pyridine (N2), as a small 
nitrogen-containing compound, showed a significant positive 
association with Acidobacteriae (OTU8237, OTU9421, OTU8187, 
OTU7455, and OTU7472; Figure 6B). A Mantel test revealed that 

A

B

C

D

FIGURE 4

PCoA analysis of the bacterial community composition in (A) 0–10 cm; (B) 50–60 cm, and the fungal community composition in (C) 0–10 cm; 
(D) 50–60 cm based on the Bray-Curtis distance in different freeze–thaw treatments. CK, 2FTCs, and 6FTCs represent culture at 5°C, two freeze–
thaw cycles, and six freeze–thaw cycles, respectively.
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A C

B D

FIGURE 5

The relative abundance of dominant bacterial class in (A) 0–10 cm; (B) 50–60 cm, and fungal class in (C) 0–10 cm; (D) 50–60 cm in response to 
different freeze–thaw cycles. CK, 2FTCs, and 6FTCs represent culture at 5°C, two freeze–thaw cycles, and six freeze–thaw cycles, respectively.  
*, **, *** indicate significant differences at p < 0.05, < 0.01, and < 0.001, respectively. NS means no significant difference between the two soil depths.

soil DOC, alkenes and aromatics were the dominant factors which 
independently affected the bacterial community structure (Table 
S2). In deep soil, Bacteroidia were negatively related to Me. 
Actinobacteria had a positive correlation with PAH (Figure 6C). 
Specifically, OTU9000 affiliated to Actinobacteria, was significantly 
positively correlated with PAH (Figure 6D). OTU10619, belonging 
to Gammaproteobacteria, was a keystone member with the highest 
degree of connectivity. It was significantly negatively correlated with 
short-chain alkanes and aromatics (Figure  6D). A Mantel test 
further indicated that DOC and Me were the most important 
factors affecting the bacterial community composition 
(Supplementary Table S2). RDA analysis revealed that DOM 
chemical compounds explained 92.51% of the bacterial community 
changes in the topsoil among FTCs treatments (Figure 7A). But in 
deep soil the DOC quantity, combined with soil pH, explained 
63.50% of bacterial community variation (Figure 7B). Furthermore, 
bivariate regression showed that DOC increments were significantly 
positively correlated with Gammaproteobacteria increments under 
FTCs treatment (Figure 8).

4. Discussion

4.1. The effects of FTCs on soil dissolved 
C and N concentrations

FTCs notably increased soil DOC contents in the top and 
deep soil layers. Increased DOC contents are largely attributed to 
disruption of soil aggregates, lysis of microbial cells, and the 
reduction of microbial immobilization capacity (Gao et al., 2021). 
It was reported that about half of the microbial populations died 
when the temperature drops below −10°C during the first FTCs 
(Sawicka et al., 2010). That lysis of soil microbial cells directly 
leads to the spillover of micro-molecules such as phosphate, 
amino acids, and polysaccharides (Larsen et al., 2002; Meisner 
et  al., 2021). Also, repeated expansion and contraction of soil 
aggregates causes disintegration of soil macroaggregates, resulting 
in the release of dissolved C and N (Gao et al., 2018). Furthermore, 
the decreased of immobilization ability of microorganisms to 
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unstable substrates in FTCs environments indirectly led to DOC 
increase. Surviving soil microorganisms may utilize these active 
substrates triggered by FTCs, thereby enhancing soil C 
mineralization ability (Nielsen et  al., 2001). The significant 
reduction in soil NO3

−-N found in deep soils can be related to the 
finding that soil denitrifying bacteria are more tolerant to freezing 
temperatures than nitrobacteria (Smith et  al., 2010). 
Denitrification recovers rapidly once the soil starts to thaw, 
resulting in NO3

−-N consumption (Müller et al., 2003).

4.2. Effects of FTCs on the chemical 
composition of DOM

FTCs significantly decreased the relative abundance of 
aromatic compounds, but increased the relative abundance of 
polysaccharides, phenols and Me in the topsoil layer. FTCs thus 

tended to increase the biodegradability of DOM, which confirmed 
the first hypothesis. Indeed, the hydrophilic neutral fraction of 
DOM, represented by high contents of organic acids, 
carbohydrates, and proteins typically enhances biodegradability. 
In contrast, hydrophobic and aromatic structures reduce DOM 
biodegradability possibly due to their recalcitrance or inhibition 
of enzymatic activity (Marschner and Kalbitz, 2003).

The alkanes (A8–A33) and alkenes (E7–E25) made up only a 
small fraction of the pyrolysis products. Long-chain (A25–A33) 
alkanes and alkenes are typically derived from microbial lipids and 
plant biopolymers (e.g., cutin, suberin), while mid-chain and 
short-chain aliphatics can be  attribute to microbial polymers 
(Buurman et al., 2007a; Vancampenhout et al., 2010). The latter 
may also represent parts of longer chains, that were degraded by 
microorganisms (chain-length shortening; Buurman et al., 2007b; 
Yassir and Buurman, 2012). So the release of long-chain alkanes 
by FTCs in our experiment may be attributed to the rupture of 

A B

C D

FIGURE 6

Spearman correlation analysis of the relative abundance of DOM chemical composition with the relative abundance of dominant bacterial class in 
(A) 0–10 cm; (C) 50–60 cm; *, **, *** indicate significant differences at p< 0.05, < 0.01, and < 0.001, respectively. The occurrence network between 
total DOM molecules and microbial OTUs based on Spearman correlation (|r| > 0.8, p < 0.001) in (B) 0–10 cm; (D) 50–60 cm. Positive and negative 
correlations are represented in blue and red lines, respectively. The size of each node is proportional to the number of connections. The color of 
the node indicates the module of the cluster. Abbreviations for DOM molecules are as in Supplementary Table S1.
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A B

FIGURE 7

Redundancy analysis (RDA) of soil bacterial community composition at the class level as a function of soil chemical properties in (A) 0–10 cm and 
(B) 50–60 cm. Blue vectors represent trajectories of soil chemical properties; Red vectors represent dominant bacterial classes. Soil chemical 
parameters with significant effects on major bacterial classes were assessed at the 0.05 level (Monte Carlo tests with 999 permutations).

FIGURE 8

The bivariate relationship between relative abundance of 
⌂Gammaproteobacteria and soil ⌂DOC contents in freeze–
thaw cycles.

microbial cell membranes, while the variation of short chains 
might be attributed to variation in microbial decomposition. Fatty 
acid methyl esters (Me) can be generated by the cyclization of fatty 
acids (FAs) and phenolic hydroxyl groups (Musadji and Geffroy-
Rodier, 2020). Generally, long-chain FAs ascribe to microbial 
degradation or microbial lipid fragments (Sousa et al., 2007), and 
FAs are typically combined with long-chain fatty alcohols or 
sterols to form esters (Chiavari et al., 1994). Me dominated by C16 
and C18, are indicative for autochthonous (bacterial) origin (Kaal 
et al., 2017). Therefore, the increase in Me abundance particularly 

C16 and C18 caused by FTCs in our experiment could be related 
to microbial degradation or the accumulation of microbial lipid 
biomacromolecules (Figure  3). The interaction of aliphatic 
compounds and microorganisms is detailed in Section 4.3.

Aromatic compounds formed during the pyrolysis process 
mainly originate from proteins, lignin, carbohydrates and charcoal 
(Yassir and Buurman, 2012). Benzene (Ar1) and toluene (Ar2) 
were the most abundant products in our pyrograms (≈21% of 
total relative abundance). The potential source of benzene is 
mainly condensed aromatic structures, while possible sources of 
toluene and other alkylbenzenes (Ar19–Ar32) are proteins, 
tyrosine-containing peptide, lignin, and polysaccharides (De la 
Rosa et al., 2012). The increase of benzene content in SOM may 
be a caused by accelerated aliphatic cyclization or humification of 
organic matter (Ayuso et al., 1996). Thus, the decrease of benzene 
content in DOM extracts under FTCs treatment may be due to the 
reduced DOM humification, suggesting that the DOC released by 
FTCs was more conducive to microbial mining rather than 
C sequestration.

Some pyrolytic compounds were phenol and alkyl phenols, 
which can be derived from any phenolic precursor such as tannin, 
lignin, proteinaceous biomass, and carbohydrates 
(Vancampenhout et al., 2009). However, since phenols are less 
fractions of the pyrograms of polycarboxylic acids and proteins, 
the high proportion of phenols in DOM pyrolysis products may 
be  related to degraded lignin (Rombolà et  al., 2022). High 
methoxyphenol contents have been reported in DOM, which were 
considered to be the degradation products of lignin-derived DOM 
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(Neff et al., 2006). Degradation of lignin is an important factor 
controlling DOM production in litter decomposition (Kalbitz 
et al., 2006). So we suggest that the increase in phenol yields by 
FTCs may be related to lignin degradation.

FTCs increased the relative proportion of polysaccharides in 
the topsoil layer. Polysaccharides that can be  derived from 
microorganisms include benzofuran, furfural, and methylfuran 
while residuals from plant material include levoglucosan and 
levomannosan (Verde et al., 2008; Vancampenhout et al., 2010). 
Only microbial derived polysaccharide compounds were found in 
our study. These compounds are characterized by long residence 
times due to their recycling in SOM decomposition and 
humification (Gleixner et al., 2002).

N-compounds identified upon pyrolysis in soils generally 
originate from peptides, amino acids, and proteins. Pyridine (N2) 
and its derivatives (N6) can be formed by microbial degradation 
of plant lignin and other phenolic substances under NH3

_enriched 
conditions (Buurman et al., 2007b). Because of the ubiquity of 
peptides and amino acids, N-compounds cannot be specifically 
attributed to plant and microbial sources, with the exception of 
chitin (De la Rosa et al., 2012). Peptides tend to adsorb on the 
surface of soil minerals, thereby improving their stability (Lützow 
Lützow et al., 2006). PAH are generally considered to be products 
of charred materials (e.g., charcoal), or the result of cyclization 
reactions during pyrolysis (Rumpel et al., 2007; Rombolà et al., 
2022). However, PAH represented by methylnaphthalene (PA8) 
and phenanthrene (PA18) are produced by the cleavage of 
unsaturated fatty acids (Wagner et  al., 2018). FTCs had no 
significant effect on their relative abundance, which may be related 
to their recalcitrance.

4.3. Association between DOM 
composition and bacterial community

To date, several researches have aimed to elucidate the link 
between DOM chemical diversity and bacterial community 
diversity (Underwood et  al., 2019; Ling et  al., 2022). The 
interactions between them can be  bidirectional. Specifically, 
(i) DOM chemical composition has been shown to drive the 
composition of the microbial community, and in general more 
complex DOM molecules correspond to relatively high 
microbial abundance and diversity (Li et al., 2018). It has been 
demonstrated that a diversity of DOM molecules trigger an 
increase in bacterial diversity, especially the abundance of 
Betaproteobacteria, Gammaproteobacteria and Flavobacteria has 
been related to complex DOM profiles (Zhao et  al., 2019) 
(ii) Specific microbial communities moreover have been 
reported to exclusively decompose specific DOM substrates 
(Ling et al., 2022). e.g., Nitrospira was negatively associated with 
DOM recalcitrant components, revealing that Nitrospira 
specialized in decomposing this type of DOM components (Li 
et al., 2018). The latter can be interpreted by the affinities of soil 
microorganisms for individual organic matter molecules. 

Considering the utilization of DOM by soil microorganisms, 
higher microbial biomass resulted in less C substrates remaining 
after consumption, especially in closed systems without 
substrate replenishment. A negative correlation has been used 
in the literature to represent the affinity of microorganisms for 
C compounds in a closed system without continuous substrates 
supplied (Ling et al., 2022). Although the FTCs treatment lead 
to a continuous release of DOM, which can be  considered 
equivalent to providing a semi-continuous substrates for 
microorganisms, we propose that a positive correlation between 
soil microorganisms and DOM molecules in our experiments 
also indicates that microorganisms preferentially utilize 
individual DOM compounds.

The phylum Proteobacteria have been identified as 
copiotrophic groups (r-strategy), which are not only significantly 
positively correlated with labile DOM components (particularly 
polysaccharide compounds), but also with recalcitrant DOM 
compounds (Ho et al., 2017; Li et al., 2019). Gammaproteobacteria 
have been reported to play a crucial role in the degradation of 
alkanes and labile carbohydrates under aerobic conditions 
(Martirani-Von Abercron et al., 2016). This contradiction needs 
detailed taxonomy at lower phylogenetic levels. For example, 
Gammaprotepbacteria (i.e., Pseudomonadales, Enterobacteriales) 
and Betaproteobacteria (i.e., Burkholderiales) responded quickly 
to unstable C (Di Lonardo et  al., 2017), whereas the class of 
Alphaproteobacteria (i.e., Sphingomonadalaes) is inclined to 
utilize both labile sucrose and recalcitrant compounds (Goldfarb 
et  al., 2011). Microvirga (Alphaproteobacteria) aggregated in 
heavy metal contaminated and nutrient-deficient soils (Igwe and 
Vannette, 2019). Thus, the changes in the corresponding C 
components associated with Proteobacteria suggested that this 
group can adapt to C substrates with diverse chemical 
recalcitrance (Goldfarb et al., 2011). It was also confirmed by the 
results of the utilization of different DOM components by 
Gammaproteobacteria and Alphaprobacteria in our study. In 
addition, Gammaproteobacteria were observed to have a strong 
positive correlation with DOC increment under FTCs treatment 
(Figure 8). The release of active components (e.g., DOC, DON) 
after each freeze–thaw is comparable to a repeated addition of 
multiple substrates in soil priming experiments. We proposed 
that repeated multiple substrates release under FTCs treatments 
may increase the living microbial activity and SOM mineralization 
rate when the substrate input of each repeated addition exceeds 
the threshold amount required for soil priming effects (Fontaine 
et al., 2003).

The phylum Actinobacteria, which is a representative of 
oligotrophic bacteria (K- strategy), could grow slowly in 
low-nutrient soils and tolerate harsh conditions. The relative 
proportion of Actinobacteria did not change significantly after 
FTCs treatment. Classes of Actinobacteria and Thermoleophilia 
both belonged to the phylum Actinobacteria, and Actinobacteria 
were not affected by freeze–thaw, while the relative abundance 
of Thermoleophilia was significantly reduced under FTC 
treatment. One possible reason is that Thermoleophilia are 
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known to be  moderately thermophilic and oil-loving  
(Foesel et al., 2016). Recent studies have indicated Actinobacteria 
and Thermoleophilia correlated to both unstable components 
(particularly carbohydrates) and recalcitrant compounds via 
co-metabolism (Ling et al., 2022). Our findings only support the 
idea that these two classes could decompose aromatic DOM 
compounds. Actinobacteria are vital saprophytes capable of 
using a range of enzymes (protease, xylanase, β-glucosidase, 
celluases, and other ligninolytic enzymes) to decompose 
rhizodeposits and litter (Kabuyah et  al., 2012; Manivasagan 
et  al., 2013). These enzymes can act on amino sugars, 
polysaccharides, cellulose, and lignin, so that both small 
molecules and complex substances can be degraded (Lladó et al., 
2016; Zhang et al., 2017). Moreover, the hyphal-like morphology 
of Actinobacteria facilitate their contact with organic matter and 
promote C mineralization. Actinobacteria are considered as one 
of the key contributors to SOC mineralization in biochar-
amended soils (Jeewani et al., 2020).

Several oligotrophic species in the phylum Acidobacteria 
function to decompose relatively stable and recalcitrant SOM 
(Hale et al., 2019). Acidobacteriae were observed to be negatively 
associated with alkanes. Lipids, including alkanes and alkenes, 
represent a varied group of amphiphilic and hydrophobic 
biomolecules whose physicochemical attributes allow them to 
present diverse cellular functions. They can be act as components 
of cell membranes and membrane proteins, and can also 
be active intercellular and intracellular signaling molecules in 
energy homeostasis. Under FTCs treatment, the relative 
abundance of Acidobacteriae significantly decreased but the 
relative proportion of long-chain alkanes increased remarkably. 
Therefore, we suggest that the release of long-chain alkanes may 
be related to the lysis of cell membranes of Acidobacteriae. This 
was also confirmed by the results of OTU9140 (affiliated to 
Solibacterales, Acidobacteria) and long-chain alkanes (A26-A32) 
in the co-occurrence network (Figure 6B). Acidobacteriae were 
closely associated with alkenes, particularly the short-chain 
alkenes (E9, E12; Figures  6A, B). Short-chain aliphatic 
compounds generally originate from microbial polymers or from 
microbial degradation of longer chains (Yassir and Buurman, 
2012; Nam et al., 2021). Thus, Acidobacteriae may play a role in 
degrading alkenes. Bacilli (Firmicutes), KD4-96 (Chloroflexi), 
Gemmatimonadetes, and Planctomycetes were not correlated 
with the DOM chemical compositions, except that KD4-96 was 
positively correlated with PAH in topsoil. This might be due to 
the reduction of microbial activity of low-abundance 
microorganisms under freeze–thaw environments. Another 
possible reason is that the DOM bioavailability has not changed 
significantly under the freeze–thaw treatment. Thus, in topsoil, 
the chemical composition of DOM is one of the major drivers of 
bacterial community variability under FTCs treatment, while in 
deeper soil, DOC content is the main factor shaping the 
bacterial community.

The co-occurrence network pattern reflected that taxa of the 
same class, or even same genus, presented diverse correlations 
with DOM components of distinct chemical characteristics. 

Specifically, there are the same associations for different categories 
of DOM compounds, or opposite associations for the same class 
of molecules. For instance, Acidobacteriae showed negative and 
positive correlations with alkanes and alkenes, respectively. 
Alphaproteobacteria presented positive correlations with alkenes 
and aromatic compounds. A module in the co-occurrence 
network corresponds to a functional cluster, indicating that 
microorganisms in that cluster utilize similar DOM molecules 
(Deng et al., 2012). OTUs in the same module may indicate that 
these microorganisms occupy similar ecological niches (Zhou 
et al., 2010). The network modules thus support the finding that 
specific microorganisms degrade specific substrates (Li 
et al., 2018).

5. Conclusion

This study demonstrated that freeze and thaw increased DOC 
contents in the surface and deep soils of a boreal forest, and 
changed the chemical composition of DOM. In particular, the 
decrease of aromatic compounds and the increase of alkanes, 
phenols, polysaccharides, and Me in the topsoil indicated an 
improvement of DOM bioavailability. Soil bacteria were more 
sensitive to FTCs as compared to fungi, manifesting as a decrease 
in relative abundance of bacterial classes (e.g., Alphaproteobacteria, 
Thermoleophilia, and Acidobacteriae) and a decrease in Shannon 
index. Furthermore, Gammaproteobacteria were dominant in 
freeze and thaw cycled soils and most likely induced the largest 
contribution to DOC release. The interactions between DOM 
molecules and bacterial communities showed that specific 
microorganisms can degrade specific substrates. In the topsoil, 
DOM chemical composition shaped bacterial communities, with 
labile C correlated to Gammaproteobacteria, and more recalcitrant 
C associated with other bacteria (e.g., Actinobacteria, 
Alphaproteobacteria, and Thermoleophilia). In comparison, DOC 
contents were more likely to explain the variation of bacterial 
communities in the deeper soil layers. This study thus provides 
new insights into DOC accumulation, transformation, and 
stability in boreal forest soils under scenarios of intensified 
freezing–thawing.
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Soil organic carbon (SOC) mineralization is affected by ecological restoration and 
plays an important role in the soil C cycle. However, the mechanism of ecological 
restoration on SOC mineralization remains unclear. Here, we collected soils from 
the degraded grassland that have undergone 14 years of ecological restoration 
by planting shrubs with Salix cupularis alone (SA) and, planting shrubs with 
Salix cupularis plus planting mixed grasses (SG), with the extremely degraded 
grassland underwent natural restoration as control (CK). We aimed to investigate 
the effect of ecological restoration on SOC mineralization at different soil 
depths, and to address the relative importance of biotic and abiotic drivers of 
SOC mineralization. Our results documented the statistically significant impacts 
of restoration mode and its interaction with soil depth on SOC mineralization. 
Compared with CK, the SA and SG increased the cumulative SOC mineralization 
but decreased C mineralization efficiency at the 0–20 and 20–40 cm soil depths. 
Random Forest analyses showed that soil depth, microbial biomass C (MBC), hot-
water extractable organic C (HWEOC), and bacterial community composition 
were important indicators that predicted SOC mineralization. Structural equal 
modeling indicated that MBC, SOC, and C-cycling enzymes had positive 
effects on SOC mineralization. Bacterial community composition regulated 
SOC mineralization via controlling microbial biomass production and C-cycling 
enzyme activities. Overall, our study provides insights into soil biotic and abiotic 
factors in association with SOC mineralization, and contributes to understanding 
the effect and mechanism of ecological restoration on SOC mineralization in a 
degraded grassland in an alpine region.

KEYWORDS

ecological restoration, enzyme activity, soil microorganisms, carbon mineralization and 
storage, alpine grassland
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Introduction

The alpine grasslands on the Qinghai-Tibetan Plateau, which 
cover roughly 40% of China’s grassland area, serve as an essential 
ecological barrier and carbon sink (Chen et al., 2022; Wang Y. et al., 
2022). However, due to human disturbances and climate changes, 
degradation of alpine grasslands is widespread and has accelerated 
in the past decades, resulting in a significant loss of biodiversity and 
soil C stocks (Bardgett et al., 2021). Ecological restoration is one of 
several actions that can ameliorate degraded and disturbed soils, 
with the goal of rebuilding, initiating, or accelerating recovery of 
disturbed ecosystems (Martin, 2017). Restoration activities can 
reverse soil degradation, mitigate climate change, and combat the 
loss of biodiversity and ecosystem services (Dong et al., 2020). It is 
known that the effect of ecological restoration on the soil C pool 
depends on the balance between C input from plants and C effluxes 
via microbial mineralization (Jackson et al., 2017; Dynarski et al., 
2020). Meanwhile, carbon dioxide (CO2) mitigation and soil fertility 
maintenance can both be achieved through reducing the process of 
SOC mineralization (Zhang B. et al., 2021; Zhang S. et al., 2021; 
Dong et al., 2022). By slowing down the rate of SOC mineralization 
and increasing SOC content, it is possible to reduce the release of 
CO2 into the atmosphere and maintain soil health. To date, our 
understanding of how ecological restoration affects SOC 
mineralization and its mechanism in alpine grasslands lags 
considerably behind that of SOC storage (Zhou et al., 2022). These 
knowledge gaps undermine our predictions of ecological restoration 
effects on soil C processes and constrain the improvement of 
restoration management practices to resist land degradation.

Soil physiochemical properties are essential factors affecting SOC 
mineralization (Zhao et al., 2008; Ahn et al., 2009). For instance, soil 
pH affects SOC mineralization by altering microbial communities and 
enzyme activities (Zhang et  al., 2022; Zhuang et  al., 2022). Soil 
nutrient availability, such as nitrogen and phosphorus, can also impact 
SOC mineralization by impacting microbial activities (Jing et al., 2017; 
Wei et al., 2020; Peixoto et al., 2021). For instance, when nitrogen or 
phosphorus is limiting, microbes may switch from using organic 
carbon to using other sources of carbon, reducing the rate of SOC 
mineralization. Meanwhile, the labile C fractions, such as microbial 
biomass carbon (MBC), easily oxidized carbon (EOC), and hot-water 
extractable carbon (HWEOC), serve as the main C sources for 
microorganisms that determine SOC mineralization (Rousk et al., 
2016). Therefore, understanding the variation in soil physiochemical 
properties and carbon fractions and their relations to SOC 
mineralization under ecological restoration could improve our ability 
to make accurate predictions.

Soil microbiota constitute a large part of the earth’s biodiversity 
and are involved in C sequestration, SOM decomposition, and 
nutrient cycling and availability (Liang et al., 2017; Banerjee et al., 
2018; Yang et  al., 2018; Crowther et  al., 2019; Shu et  al., 2022). 
Therefore, any changes in the diversity, composition, and potential 
functions of microbial communities may alter the direction and 
magnitude of SOC mineralization (Schimel and Schaeffer, 2012; 
Juarez et al., 2013; Tardy et al., 2015; Zhang et al., 2019; Ibrahim et al., 
2021). Microbial extracellular enzymes, especially C-cycling enzymes 
(e.g., β-1,4-glucosidase, β-d-cellobiosidase, peroxidase, polyphenol 
oxidase), play an essential role in the decomposition of SOC and the 
regulation of C fractions (Chen et al., 2018a; Yang et al., 2019; Chen 

J. et al., 2020). Ecological restoration may affect microbial community 
structure and enzyme activities through a direct effect of via regulating 
the quantity and quality of litter inputs, and through an indirect effect 
of modifying soil physiochemical properties (Deng et al., 2010; Raiesi 
and Salek-Gilani, 2018; Xu et al., 2021; Yang et al., 2022). Therefore, 
soils under different ecological restoration modes may differ in 
microbial community structure and enzyme activities and 
consequently the SOC mineralization. However, limited data are 
available regarding the comprehensive influences of soil 
physiochemical properties, microbial community composition, and 
enzyme activities on SOC mineralization.

Here, we explored how ecological restoration may influence SOC 
mineralization and its relation to soil physiochemical properties, labile 
carbon fractions, enzyme activities and bacterial communities in 
degraded grasslands on the Tibetan Plateau. The primary aims of this 
study were: (1) to explore changes in soil physiochemical properties, 
labile carbon fractions, bacterial communities, and enzyme activities 
after 14-year restoration treatments; (2) to determine the influence of 
ecological restoration on SOC mineralization; and (3) to identify the 
relative importance of biotic and abiotic factors in determining SOC 
mineralization under ecological restoration.

Materials and methods

Site description

The study area is located in the Restoration Demonstration region 
of a degraded grassland in Hongyuan County (33°1’ N and 102°37′ 
E), China, at the eastern margin of the Tibetan Plateau 
(Supplementary Figure S1). The average elevation of this region is over 
3,400 m. The mean annual precipitation in this region is 791.95 mm. 
The mean annual temperature is 1.1°C, and the mean temperatures 
are −10.3 and 10.9°C for the coldest and warmest months, respectively. 
The soil is classified as cambic arenosol (FAO Classification, 2006). 
The dominant vegetation species in the recovery area are mainly Salix 
cupularis, Carex peaeclara, Kobresia pygmaea, Artemisia wellbyi, and 
Heracleum souliei. Since 2007, the extremely degraded grassland at 
this site has undergone natural restoration with the dominant species 
being Cyperus stoloniferus; this was the control (CK) for the study. 
Two artificial restoration actions were started as well to restore the 
degraded grassland. The artificial restoration actions included: (1) 
planting shrubs with Salix cupularis alone (SA), and (2) planting 
shrubs with Salix cupularis plus mixed grasses (SG). The primary 
species in SA were Salix cupularis, Lancea tibetica, and Leymus 
secalinus. The primary species in SG were Salix cupularis, Euphrasia 
regelii subsp. Kangtienensis, Anaphalis lacteal, Peucedanum 
praeruptorum, Potentilla discolor, and Elymus nutans. At the time of 
our study, the natural and artificial restoration actions had been 
ongoing for 14 years.

Experimental design

In August 2021, soil samples were taken from three areas in an 
extremely degraded grassland; one that underwent natural restoration 
(CK), one that was planted with shrubs and Salix cupularis alone (SA), 
and one that was planted with shrubs and Salix cupularis plus grasses 
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(SG). Four independent plots were selected for each treatment, where 
four quadrats, each 1 m × 1 m were set up. The characteristics of the 
vegetation community were examined in the field before collecting 
soil samples (Supplementary Table S1). We randomly sampled 1 kg of 
soil from the 0–20 cm and 20–40 cm soil layers in each plot using a 
5-cm diameter soil auger. Then, we pooled and thoroughly mixed the 
samples to produce a composite soil sample. In total, 24 samples (3 
treatments × 4 replicates × 2 depths) were collected. After transporting 
these samples to the laboratory on ice, one-tenth of each soil sample 
was stored at −80°C for the soil bacterial community analysis. 
Two-tenths of each soil sample was stored at 4°C for testing soil 
microbial biomass carbon and enzyme activities. The remaining soil 
was air-dried and sieved for pH, soil organic carbon (SOC), and soil 
nutrients analysis. Moreover, a cutting ring with a capacity of 100 cm3 
was used to collect undisturbed soil before performing soil bulk 
density analysis.

Soil physicochemical characterization

Soil physicochemical characteristics were analyzed as previously 
described by Carter and Gregorich (2007). Soil pH was determined by 
a glass electrode with a soil-to-water ratio of 1:2.5 (weight/volume) 
(Mettler Toledo MP220, Mettler-Toledo, Switzerland). SOC content 
was analyzed using the K2Cr2O7 oxidation method. Soil total nitrogen 
(TN) content was measured using a flow injection autoanalyzer 
(AutoAnalyzer 3, Bran+ Luebbe, Germany). Soil total phosphorus 
(TP) content was analyzed calorimetrically using the H2SO4-HClO4 
method. Bulk density was examined by the cutting ring method, 
undisturbed soil samples were dried at 105°C to reach a 
constant weight.

Soil labile carbon fractions and C-cycling 
enzymes

Microbial biomass carbon (MBC) was measured by the 
chloroform fumigation-extraction method (Vance et  al., 1987). 
Hot-water extractable organic carbon (HWEOC) was determined 
using a TOC analyzer (Elementer Analysensysteme, Germany) (Hou 
et al., 2021). Easily oxidized carbon (EOC) was measured according 
to the 333 mol L−1 KMnO4 method as described by Dong et  al. 
(2022). Additionally, we  analyzed the potential activities of four 
C-cycling enzymes, including β-glucosidase (BG), β-d-cellubiosidase 
(CBH), peroxidase (POD), and polyphenol oxidase (PPO). All 
enzymes were measured using commercial enzyme kits following 
the manufacturer’s protocol (Solarbio Science and Technology Co., 
Ltd., Beijing, China).

Soil C mineralization

Cumulative SOC mineralization was determined according to the 
method described by Hou et al. (2021). First, two 25 ml glass beakers 
filled with 10 g fresh soil and 15 ml 1 M NaOH solution, respectively, 
were put side by side in an airtight plastic 250 ml jar. Deionized water 
was spread on the bottom of the jar and surrounded the breakers to 
keep constant soil moisture. Then, these 250 ml jars were placed in a 

thermostatic incubator at 25°C for 28 days. During the incubation, the 
CO2 gas generated was absorbed in the NaOH solution, and the 
remaining NaOH was measured by titrating with 0.1 M HCl to 
quantify SOC mineralization.

DNA extraction and Illumina MiSeq 
sequencing

For each sample, total DNA was extracted from 0.5 g soil using the 
PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, 
CA, United States) following the manufacturer’s instructions. The 
concentration and quality of DNA were measured by Nanodrop 2000 
(Thermo Scientific, Wilmington, DE, United  States). Before 
performing PCR amplification, the DNA sample was diluted to 10 ng/
μL. The 16S rRNA V4–V5 regions were sequenced for bacterial 
communities with the primer pair 515F (5′-GTGCCAGCMG 
CCGCGGTAA-3′) and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′). 
Sequencing was conducted on an Illumina MiSeq2500 platform by 
Novogene (Beijing, China). The raw sequence data of the 16S rRNA 
were analyzed using the Quantitative Insights into Microbial Ecology 
(QIIME) pipeline. Using a dissimilarity level of 3%, the unique 
sequence set clustered operational taxonomic units (OTUs) into the 
UPARSE pipeline.

Functional analysis of the bacterial 
community using PICRUSt2

Changes in functional genes involved in C cycling (including C 
degradation and C fixation) were predicted by phylogenetic 
investigation of bacterial communities by reconstruction of 
unobserved states 2 (PICRUSt2) according to the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database and 16S rRNA bacterial 
community data (Li et al., 2022). The KEGG orthologues of each gene 
generated by PICRUSt2 were obtained from the table of absolute 
abundance for the KEGG pathway, which then was converted into the 
relative abundance of the corresponding genes.

Calculation of indices

Stocks of SOC were calculated using Equation 1 (Hu et al., 2018):

 

SOC stock Mg ha SOC g kg bulk density

g cm soil depth

− −

−

( ) = ( )×
( )×

1 1

3
ccm( ) / 10

 
(1)

where SOC stock indicates the soil organic carbon stock, and SOC 
indicates the soil organic carbon content.

The following Equation 2 was adopted to calculate carbon 
mineralization efficiency (Dong et al., 2022):
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where CME indicates the carbon mineralization efficiency and 
SOC indicates the soil organic carbon content.

Statistical analyses

Statistical analyses were conducted using the R statistical software 
(R version 4.0.2, R Core Team, Vienna, Austria). Unless otherwise 
stated, statistical significance was set at p < 0.05. Difference in soil 
physiochemical properties, labile C fractions, enzyme activity, and 
SOC mineralization between different treatments at two different soil 
depths were tested using a two-way analysis of variance (ANOVA). 
When two-way ANOVA revealed differences, a Tukey’s honestly 
significant difference (Tukey HSD) test was used to compare the 
average value of variables among the different treatments. Linear 
regression analysis was used to evaluate the relationships between soil 
physiochemical properties, labile C fractions, the diversity and 
composition of bacterial communities, enzyme activities and SOC 
mineralization. Principal coordinates analysis (PCoA) was used to 
determine significant differences in microbial communities for the 
various restoration modes and soil depths. Redundancy analysis 
(RDA) was performed with a Monte Carlo permutation test (999 
permutation) to identify soil properties that influence the bacterial 
community structure. The Mantel test was performed to identify soil 
variables that influence the microbial community structure. 
We  performed random forest analysis to evaluate important 
predictors of SOC mineralization among soil depth, physiochemical 
properties, labile C fractions, enzyme activities, bacterial Shannon 
index, bacterial Chao1 index, and bacterial composition. Bacterial 
community composition was estimated based on Bray–Curtis 
distances between samples. Random forest analysis was performed 
using the “randomForest” package, with the significance of the model 
and each predictor was evaluated using the “rfPermute” packages. 
Furthermore, we constructed structural equation modeling (SEM) to 
evaluate the direct and indirect effect of various variables on SOC 
mineralization under ecological restoration. Bacterial composition 
was represented by scaling 1, the first component of principal 
coordinates analysis. The goodness of fit of the SEM was evaluated 
using the Chi-square test, the whole-model p value, Akaike 
information criterion (AIC), and the goodness-of -fit (GFI) statistic. 
The SEM was conducted using AMOS software (IBM SPSS Amos 
24.0.0).

Results

Soil physiochemical properties and labile C 
fractions

The two-way ANOVA demonstrated that soil pH significantly 
differed in restoration mode (F = 67.58, p < 0.001), soil depth (F = 6.36, 
p < 0.05), and by the interaction of restoration mode and soil depth 
(F = 4.00, p < 0.05) (Supplementary Table S2). Compared with CK, SA 
significantly decreased soil pH at the 0–20 and 20–40 cm soil depths 
(p < 0.05). Restoration mode had a significant effect on SOC (F = 18.07, 
p  < 0.001), TN (F  = 91.85, p  < 0.001), and SOC stock (F  = 17.97, 
p < 0.001), but had no significant effect on soil BD and TP. On average, 
the SOC content, TN content and SOC stock followed the order of 

SG > SA > CK (Table 1). Restoration mode had a significant effect on 
MBC (F  = 6.94, p  < 0.01), EOC (F  = 60.20, p  < 0.001), HWEOC 
(F = 93.34, p < 0.001), and HWEOC/SOC (F = 8.43, p < 0.001). Soil 
depth had a significant effect on HWOEC (F  = 6.20, p  < 0.05). 
Moreover, MBC (F = 4.26, p < 0.05) and EOC (F = 4.05, p < 0.05) 
significantly varied with the interaction of restoration mode and soil 
depth (Supplementary Table S2 and Figure 1).

Bacterial community diversity and 
composition

Restoration mode had a significant effect on the Shannon index 
for bacteria in 0–20 cm soil layer (p < 0.05). The highest average 
value of the Shannon index at the 0–20 cm and 20–40 cm soil 
depths were observed in SG (Figure  2A). The Chao1 index for 
bacteria varied significantly with restoration mode (p  < 0.05). 
Compared with CK, modes SA and SG significantly increased 
theChao1 index in the 0–20 cm and 20–40 cm soil depths (p < 0.05) 
(Figure  2B). SOC, TN, HWEOC, and EOC were positively 
correlated with the Chao1 and Shannon indices (p < 0.05). MBC 
was positively correlated with the Chao1 index (p  < 0.05) 
(Supplementary Figure S2).

The most abundant bacterial phyla were Proteobacteria, 
Actinobacteria, Acidobacteria, and Chloroflexi. Compared with CK, 
modes SA and SG increased the relative abundance of Proteobacteria, 
Acidobacteria, and Bacteroidetes, but decreased the relative abundance 
of Actinobacteria, Chloroflexi, and Thaumarchaeota at the 0–20 cm and 
20–40 cm soil depths (Figure 3). The PCoA analyses showed that the 
soil bacterial community in CK was separated from the soil bacterial 
community of soils in SA and SG (Figure 4A). RDA was used to 
identify the major soil properties controlling the soil bacterial 

TABLE 1 Effects of different restoration modes on soil physiochemical 
properties in different soil depths.

Soil 
depth

Variable CK SA SG

0–20 cm

pH 6.81 ± 0.08 a 6.27 ± 0.18 b 6.68 ± 0.04 a

BD (g cm−3) 1.42 ± 0.04 a 1.35 ± 0.05 a 1.41 ± 0.07 a

TN (g kg−1) 0.11 ± 0.02 b 0.17 ± 0.02 b 0.39 ± 0.08 a

TP (g kg−1) 0.16 ± 0.00 a 0.17 ± 0.01 a 0.18 ± 0.01 a

SOC (g kg−1) 2.05 ± 0.78 b 3.39 ± 1.26 ab 5.39 ± 1.33 a

SOC stock 

(Mg ha−1)
5.82 ± 2.29 b 9.15 ± 3.56 ab 15.01 ± 2.91 a

20–40 cm

pH 6.85 ± 0.03 a 5.95 ± 0.18 c 6.57 ± 0.15 b

BD (g cm−3) 1.39 ± 0.13 a 1.38 ± 0.06 a 1.39 ± 0.09 a

TN (g kg−1) 0.12 ± 0.02 b 0.18 ± 0.05 b 0.36 ± 0.03 a

TP (g kg−1) 0.17 ± 0.01 a 0.17 ± 0.00 a 0.17 ± 0.00 a

SOC (g kg−1) 2.30 ± 0.35 a 3.05 ± 0.27 a 4.31 ± 0.82 a

SOC stock 

(Mg ha−1)
6.46 ± 1.38 a 8.40 ± 0.87 a 12.03 ± 2.88 a

Values are represented as the mean followed by a standard deviation in parentheses (n = 3). 
Different lowercase letters indicate a significant different (p < 0.05) among different modes, 
based on the analysis of variance, and Tukey’s honest significance difference (HSD) test. BD, 
bulk density, SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; SOC stock, 
soil organic carbon stock.
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community structure. The first two components explained 49.5% of 
the total variability for bacterial community structure. Soil pH, TN, 
EOC, and HWEOC were the important soil properties controlling the 
bacterial community structure (Supplementary Figure S3). The 
Mantel test indicated that soil pH, TN, EOC, HWEOC, and the ratio 
of HWEOC to SOC were the critical soil parameters affecting the 
bacterial community composition (Figure  4B). The PICRUST2 
analysis indicated that ecological restoration significantly improved 
the role of microbes in C-fixation and decomposition. The relative 
abundance of C-fixation genes (rbcL, meh, mct, ppc, IDH1, and frdA) 
and C-degradation genes (csxA, glgX, malQ, and PYG) were higher in 
SA and SG than in CK (Figure 5).

C-cycling enzyme activities

Restoration mode had a significant effect on the activities of BG 
(F  = 10.37, p  < 0.01) and CBH (F  = 4.88, p  < 0.05), but had no 
significant effect on the activities of PPO and POD 

(Supplementary Table S4). Compared with CK, modes SA and SG 
increased the activities of BG and CBH in the 0–20 and 20–40 cm soil 
depths (Figure 6A). Modes SA and SG decreased the ratio of ligninase 
to cellulase by 40.6 and 66.0% in the 0–20 cm soil depth, and by 29.3 
and 58.9% in 20–40 cm soil depth, respectively, relative to CK 
(Figure 6B). Both BG and CBH were positively correlated with TN, 
MBC, and HWEOC (p < 0.05) (Supplementary Figure S4). The ratio 
of ligninase to cellulase was negatively associated with SOC content 
and SOC stocks (p < 0.05) (Supplementary Figure S5).

SOC mineralization

Restoration mode had a significant effect on cumulative C 
mineralization (F  = 59.22, p  < 0.001) (Supplementary Table S5). 
Compared with CK, the cumulative C mineralization at the 0–20 and 
20–40 cm soil depth increased by 15.7 and 76.8% in the SA mode, and 
by 94.0 and 83.1% in the SG mode, respectively. The CME in the SG 
mode was lower than in CK (Figure 7). Soil depth had a significant 

A B

C D

FIGURE 1

Effects of different restoration modes on soil labile carbon fractions. (A) Microbial biomass carbon (MBC), (B) easily oxidized carbon (EOC), (C) hot-
water extractable organic carbon (HWEOC), (D) the ratio of hot-water extractable organic carbon to soil organic carbon (HWEOC/SOC). Error bars 
indicate standard deviation; Different lowercase letters indicate significant differences at p < 0.05 among treatments, based on the Tukey’s honest 
significance difference (HSD) test.
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effect on cumulative C mineralization (F = 166.07, p < 0.001) and CME 
(F = 15.78, p < 0.001). The cumulative C mineralization significantly 

varied with the interaction of restoration mode and soil depth 
(F = 20.06, p < 0.001) (Supplementary Table S5).

A B

FIGURE 2

Effects of different restoration modes on bacterial alpha diversity. (A) Bacterial Shannon index and (B) bacterial Chao1 index. Error bars indicate 
standard deviation; different lowercase letters indicate significant differences at p < 0.05 among treatments, based on the Tukey’s honest significance 
difference (HSD) test.

A

B

FIGURE 3

Taxonomic distribution of bacterial taxa responsible for community different among different restoration modes at 0–20 cm (A) and 20–40 cm (B) soil 
depth.
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Contribution of abiotic and biotic factors 
to SOC mineralization

Random forest modeling indicated that the top six most important 
factors were soil depth, MBC, HWEOC, bacterial composition, and SOC 
(Figure 8A). SEM analysis showed that both SOC, MBC and C-cycling 
enzymes had a positive effect on the cumulative C mineralization, but 
soil depth had a negative effect on cumulative C mineralization (p < 0.05). 
Soil pH and SOC had a significant effect on bacterial composition 
(p < 0.05). Bacterial community composition had a significant positive 
effect on MBC and C-cycling enzymes (p < 0.05) (Figure 8B).

Discussion

Effects of ecological restoration on soil 
physiochemical characteristics and C 
fractions

Ecological restoration plays a critical role in maintaining soil 
quality via increasing nutrient contents, improving soil physical 
properties (e.g., aggregate stability and water holding capacity), and 
promoting soil C sequestration. In this study, restoration modes SA 
and SG decreased soil pH relative to CK. For example, the SA mode 
had the lowest pH value at the 0–20 cm soil depth. This is 
presumably due to restoration-induced changes in plant residue 
decomposition and root processes (Hong et al., 2018). Meanwhile, 
restoration mode had a significant effect on SOC stocks, and the 
highest value of SOC stock was observed in the SG mode. This 
result has two explanations. First, compared with CK and SA, 
higher plant richness in the SG mode increased plant productivity 
through niche complementary effects, and consequently, improved 
plant C inputs into the soil and enhanced SOC accumulation (Chen 
S. et al., 2018; Chen X. et al., 2019; Li et al., 2019; Jia et al., 2021). 
Second, SG enhanced soil N and P content more effectively, which 
played an important role in SOC accumulation by affecting primary 
productivity and SOC decomposition (Averill and Waring, 2018; 
Chen et al., 2018a,bChen S. et al., 2018; Wang et al., 2020; Ding 
et  al., 2021). Moreover, we  found that ecological restoration 
significantly increased soil TN, but had no significant effect on TP, 
in line with a recent meta-analysis (Tian et al., 2021). This could 
be  mainly because, unlike nitrogen, the external source of 
phosphorus is limited. For instance, diazotrophic microbes can 
enhance soil N content because of their immense N-fixation ability 
(Hsu and Buckley, 2009; Xu et  al., 2019). Furthermore, SOC 
mineralization can produce soil nitrogen, hence, a high SOC 
increases the TN (Tan et al., 2021).

A B

FIGURE 4

(A) Principial coordinates analysis (PCoA) of bacterial community composition based on Bray–Curtis distances. (B) Mantel test analysis of bacterial 
community changes with soil properties.

FIGURE 5

Effects of ecological restoration on the relative abundance of 
functional genes involved in C-cycling according to PICRUST2.
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It is generally accepted that MBC, EOC, and HWEOC are the most 
labile fractions of SOC, which is easily decomposed and mineralized 
by soil microorganisms (Liang et al., 2021; Xiao et al., 2022). Here, 
we found that ecological restoration positively affected MBC, EOC, 
and HWEOC content. Meanwhile, the variation trend of these labile C 
fractions under ecological restoration was basically similar to that of 
SOC with a good positive correlation, suggesting that the concentration 
of these labile C fractions was mainly determined by the plant carbon 
input. Recently, the ratio of HWEOC to SOC (HWEOC/SOC) was 
chosen as a chemical index to describe SOC stability (Plante et al., 
2011; Hou et  al., 2021). The higher HWEOC/SOC, the faster the 
nutrient cycling rate, which is not conducive to the accumulation of 

SOC, so the chemical stability is worse and SOC decomposes more 
easily (Wang et al., 2021). Our result indicated that HWEOC/SOC in 
the SG mode was higher than in the CK and SA modes, suggesting that 
SOC in SG easily decomposed and transformed.

Effects of ecological restoration on the 
bacterial community and its potential 
function

Our results revealed that bacterial alpha diversity in SA and SG 
modes was higher than in CK. Furthermore, bacterial alpha diversity 

A B

FIGURE 6

Effects of different restoration modes on soil carbon-cycling enzyme activities (A) and the ratio of ligninase to cellulase (B). CK, extremely degraded 
grassland. SA, planting shrub with Salix cupularis alone (SA). SG, planting shrub with Salix cupularis plus mixed grasses. Error bars indicate standard 
deviation; different lowercase letters indicate significant differences at p < 0.05 among treatments, based on the Tukey’s honest significance difference 
(HSD) test.

A B

FIGURE 7

Effects of ecological restoration on (A) the cumulative carbon mineralization and (B) carbon mineralization efficiency (CME). Error bars indicate 
standard deviation; different lowercase letters indicate significant differences at p < 0.05 among treatments, based on the Tukey’s honest significance 
difference (HSD) test.
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was positively correlated with SOC, TN, TP, HWEOC, and EOC. The 
evidence suggests that higher labile C and available nutrients in the 
SA and SG modes can create a more suitable microenvironment for 
bacterial communities to survive, and thus enhance bacterial alpha 
diversity. In addition, higher plant richness in the SA and SG modes 
may provide the bacteria with greater accessibility to a variety of root 
exudates, which results in more niches to support higher 
bacterial diversity.

According to the oligotrophic-copiotrophic theory, 
Proteobacteria and Bacteroidetes are generally classified as 
copiotrophic microbes, whereas Choroflexi is classified as 
oligotrophic microbes (Ho et al., 2017; Yao et al., 2017). Our results 
indicated that modes SA and SG increased the relative abundance of 
Proteobacteria and Bacteroidetes but decreased the relative 
abundance of Choroflexi. Correlation analysis indicated that TN, TP, 
HWEOC, and MBC were positively correlated with Proteobacteria 
and Bacteroidetes but negatively correlated with Choroflexi, 
suggesting that copiotrophic taxa gain more advantages in 
competition due to ecological restoration-induced increasing labile 
C pools and to nutrient availability. The relative abundance of 
Actinobacteria in SA and SG modes was lower than in 
CK. Meanwhile, we found a significant positive relationship between 
pH and Actinobacteria under ecological restoration 
(Supplementary Figure S2). This indicated that the restoration-
mediated decrease of pH may decrease their ability to compete with 
other bacteria taxa (Fu et  al., 2022). The negative relationship 
between Actinobacteria and HWOEC and EOC under ecological 
restoration may be  due to some taxa of Actinobacteria being 
oligotrophic groups (Zhong et al., 2019). Additionally, SA and SG 
increased the relative abundance of Acidobacteria relative to 

CK. Recent studies have found that Acidobacteria is a keystone taxon 
in soil and is involved in the decomposition of soil organic matter 
(Costa et al., 2020), nitrogen cycling, and plant growth promotion 
(Eichorst et al., 2018; Kalam et al., 2020). A positive relationship was 
observed between TN and Acidobacteria (Supplementary Figure S2), 
indicating that the changes in Acidobacteria may be tightly linked to 
soil nitrogen content.

In our study, the Mantel test revealed that soil pH was a major 
driver of bacterial community composition, which was in line with 
previous studies on regional studies and large scales (Maestre et al., 
2015; Cheng et al., 2020; Hermans et al., 2020). This may be due to the 
relatively narrow optimal pH for bacterial growth. Many previous 
studies have demonstrated the important role of soil labile C fractions 
in shaping soil bacterial communities (Delgado-Baquerizo et al., 2016; 
Ren et  al., 2018; Ramírez et  al., 2020). Fundamentally, ecological 
restoration considerably affected the amount and quality of soil C 
fractions, which in turn altered microbial community composition 
(Hu et  al., 2022). Our results showed that bacterial community 
composition was more sensitive to labile C fractions (particularly 
EOC and HWEOC) than SOC. This suggested that soil labile C 
fractions could be  a critical predictor for bacterial community 
composition changes in ecological restoration.

Recent evidence has indicated that ecological restoration provides 
favorable environments for soil carbon functional microbes and 
stimulates soil C turnover (Guo et al., 2018; Sun and Badgley, 2019; 
Hu et al., 2022; Li et al., 2022). In our study, the relative abundance of 
C-fixation genes (rbcL, meh, mct, ppc, IDH1, and frdA) in SA and SG 
were higher than in CK, suggesting that soil microbes in SA and SG 
have a strong ability to fix carbon and thus increase the accumulation 
of SOC. Meanwhile, the relative abundance of csxA, glgX, malQ, and 

A B

FIGURE 8

(A) Random Forest regression model shows the main factors of SOC mineralization. MSE, is the mean square error. *p < 0.05, **p < 0.01 on the bar 
indicated that the associated factor had a significant effect on SOC mineralization. (B) Structural equal model (SEM) analysis of the direct and indirect 
effects on the response of SOC mineralization to ecological restoration. Red and blue solid arrows indicate positive and negative relationships, 
respectively. Black arrows represent tested, but not significant paths. The arrow width is proportional to the strength of the relationship. Goodness-of-
fit statistics for the model are shown below the model. *p < 0.05, **p < 0.01.
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PYG genes increased dramatically under SA and SG. This indicated 
that ecological restoration also improved the microbial decomposition 
of C sources, and consequently increased CO2 production.

Effects of ecological restoration on 
C-cycling enzyme activities

Typically, cellulases, β-1,4-glucosidase (BG), and β-d-
cellobiohydrolase (CBH), are related to the degradation of labile C 
pools, while ligninases, polyphenol oxidase (PPO) and peroxidase 
(POD) are associated with degradation of recalcitrant C pools (Zhang 
B. et al., 2021; Zhang S. et al., 2021). Our results showed that ecological 
restoration had a stronger positive effect on cellulase activity rather 
than ligninase activity. On the one hand, increasing plant richness 
under ecological restoration may exhibit stronger niche partition and 
consequently improve primary productivity as well as soil labile and 
recalcitrant C pools (Mahaut et al., 2019; Michalet et al., 2021). In this 
situation, microbes may preferentially invest energy in cellulase 
production to acquire labile resources over ligninase production since 
cellulase synthesis requires less energy than ligninase synthesis (Wang 
et al., 2012; Chen et al., 2018a,b; Chen S. et al., 2018). Our results 
found positive relationships between labile C fractions and cellulase 
activity (Supplementary Figure S4), indicating that ecological 
restoration could enhance cellulase activity via increasing labile C 
substrates. On the other hand, ecological restoration-induced changes 
in microbial biomass and community composition may also impact 
enzyme activities (Wu et al., 2021). Positive relationships between 
cellulase activities, MBC, and SOC (Supplementary Figure S4), 
indicated that faster microbial degradation and transformation of 
labile C substrates mediate the accumulation of SOC in SA and SG 
modes. Moreover, ecological restoration enhanced the relative 
abundance of copiotrophic microbes (Zeng et al., 2017; Yao et al., 
2018; Wang S. et al., 2022; Wang Y. et al., 2022). These microbes had a 
higher investment in extracellular enzymes to decompose the labile C 
substrates (Ramin and Allison, 2019). Our results indicated that the 
cellulase activity was positively correlated to the relative abundance of 
copiotrophic taxa (Proteobacteria and Bacteroidetes) 
(Supplementary Figure S2), which provided evidence that ecological 
restoration-induced changes in bacterial community composition 
could affect the response of cellulase activity. Notably, we observed 
that the ratio of ligninase to cellulase was negatively correlated with 
SOC content and stocks under ecological restoration 
(Supplementary Figure S5). This finding indicated that the decreased 
ratio of ligninase to cellulase under ecological restoration could 
be benefitical to the accumulation of SOC under ecological restoration, 
which was consistent with a recent meta-analysis (Wu et al., 2022).

Effects and mechanisms of ecological 
restoration on SOC mineralization

Determining the underlying mechanisms controlling SOC 
mineralization under ecological restoration is challenging since SOC 
mineralization is regulated by complex factors, including soil 
physiochemical properties, SOC quality and availability, enzyme 
activities and soil microbiota. Here, we  observed that ecological 
restoration had a significant effect on the cumulative C mineralization 

and C mineralization efficiency. The cumulative C mineralization in 
SA and SG was higher than in CK. The fundamental explanation for 
the increased C release is that SOC stock was elevated by ecological 
restoration, which is supported by the substantial positive relationship 
between cumulative C mineralization and SOC content and stocks. 
Meanwhile, structural equal modeling revealed that SOC was the 
main factor driving C mineralization under ecological restoration. In 
addition to SOC stock, soil N and P content also mediate SOC 
mineralization by altering microbial activity and community 
composition (Meyer et al., 2018), which is supported by the positive 
association between TN and TP and cumulative SOC mineralization.

This study indicated that MBC and HWEOC could better predict 
the variation in the cumulative C mineralization than SOC. Indeed, 
higher labile C contents can boost microbial activity and thus 
stimulate soil C mineralization (Dong et al., 2022). Our SEM showed 
that MBC had a direct and positive effect on C mineralization. MBC 
is the C content of live and dead microorganisms, which has a faster 
turnover and is often used to define soil microbial biomass (Chen 
C. et al., 2019; Chen X. et al., 2019). When HWEOC is abundant, 
microbial biomass becomes a major factor limiting C mineralization, 
thereby playing a critical role in C mineralization (Dong et al., 2022).

Microbial enzymes are “sensors” of microbial function and can 
provide useful links between microbes and C cycling (Ashraf et al., 
2021; Hu et  al., 2023). In our study, we  observed that BG was 
significantly and positively associated with cumulative C 
mineralization, which is in line with previous studies (Zhu et al., 2014; 
Zhang B. et  al., 2021; Zhang S. et  al., 2021). SEM results further 
indicated that C-cycling enzyme activities had a direct and positive 
effect on C mineralization. This suggested a limitation of enzyme 
activities on substrate conversion and consumption in degraded 
grassland soils.

The diversity and composition of the soil microbial community 
play essential roles in regulating SOC decomposition in terrestrial 
ecosystems (Qin et al., 2021; Chen et al., 2023). In this study, the 
Shannon index for bacteria was positively correlated to cumulative C 
mineralization. In general, soils with higher bacterial diversity may 
boost the levels of soil microbial functions due to the high functional 
redundancy of the soil bacterial community (Philippot et al., 2013; 
Louca et al., 2018; Maron et al., 2018), corroborating the positive 
correlations between bacterial diversity and enzyme activities, MBC, 
TN, and TP. Meanwhile, higher bacterial diversity may also sustain 
plant richness and plant C inputs (van der Heijden et al., 2008; Chen 
J. et  al., 2020; Chen Q. et  al., 2020), and finally promote SOC 
mineralization. Random forest analysis revealed that bacterial 
community composition played a critical role in controlling SOC 
mineralization. SEM results showed that bacterial community 
composition had no significant effect on SOC mineralization but had 
a significant effect on MBC and C-cycling enzyme activities. This 
highlighted that bacterial community composition was a crucial 
underlying factor controlling SOC mineralization via mediating 
microbial production and microbial functionality.

Additionally, soil depth was a key factor that predicted the 
variation in SOC mineralization. The interpretation was that the SOC 
pool, labile C content, enzyme activities, and the diversity and 
activities of soil microorganisms decreased with increasing soil depth, 
resulting in a decreased SOC mineralization rate (Qin et al., 2021). 
Overall, our findings suggested that soil physiochemical 
characteristics, labile C fractions, and the diversity and composition 

73

https://doi.org/10.3389/fmicb.2023.1131836
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Shu et al. 10.3389/fmicb.2023.1131836

Frontiers in Microbiology 11 frontiersin.org

and function of the bacterial community jointly determined the 
response of SOC mineralization to ecological restoration.

Effects of ecological restoration on SOC 
mineralization efficiency

Soil organic carbon mineralization efficiency is crucial in 
regulating the C cycle and determining the magnitude of soil CO2 
emissions, thus playing an important role in mitigating climate 
change. A low SOC mineralization efficiency can result in more C 
accumulated in the soil, thereby benefiting soil fertility and plant 
growth. In this study, we found that ecological restoration significantly 
decreased the SOC mineralization efficiency. Ecological restoration 
increased large soil aggregates to make inner SOC physically stable 
and protect it from microbial decomposition. In addition, ecological 
restoration can change soil physiochemical properties (e.g., pH and 
texture), which may affect the compositions and activities of soil 
microbial communities, thereby impacting SOC mineralization 
efficiency (Dong et al., 2022).

Conclusion

Ecological restoration had a positive effect on SOC content and 
stocks, TN, the contents of labile C fractions, cellulase activity, and 
microbial diversity, whereas decreased soil pH and the ratio of 
ligninase to cellulase. Soil pH, TN, EOC, and HWOEC were major 
factors that determining bacterial community composition. Ecological 
restoration increased the SOC mineralization, but decreased the SOC 
mineralization efficiency. SOC, MBC and C-cycling enzyme activities 
had a positive effect on SOC mineralization. Bacterial community 
composition can regulate SOC mineralization via boosting microbial 
biomass and C-cycling enzyme activities. Our results indicate that 
shrub with Salix cupularis plus grasses had a better SOC accumulation, 
microbial diversity and functions, which was an optimum mode for 
restoring alpine degraded grassland.
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Shift from flooding to drying 
enhances the respiration of soil 
aggregates by changing microbial 
community composition and 
keystone taxa
Kai Zhu , Weitao Jia , Yu Mei , Shengjun Wu  and Ping Huang *

Key Laboratory of Reservoir Aquatic Environment, Chongqing Institute of Green and Intelligent 
Technology, Chinese Academy of Sciences, Chongqing, China

Changes in the water regime are among the crucial factors controlling soil carbon 
dynamics. However, at the aggregate scale, the microbial mechanisms that regulate 
soil respiration under flooding and drying conditions are obscure. In this research, 
we  investigated how the shift from flooding to drying changes the microbial 
respiration of soil aggregates by affecting microbial community composition and 
their co-occurrence patterns. Soils collected from a riparian zone of the Three 
Gorges Reservoir, China, were subjected to a wet-and-dry incubation experiment. 
Our data illustrated that the shift from flooding to drying substantially enhanced soil 
respiration for all sizes of aggregate fractions. Moreover, soil respiration declined 
with aggregate size in both flooding and drying treatments. The keystone taxa 
in bacterial networks were found to be  Acidobacteriales, Gemmatimonadales, 
Anaerolineales, and Cytophagales during the flooding treatment, and Rhizobiales, 
Gemmatimonadales, Sphingomonadales, and Solirubrobacterales during the 
drying treatment. For fungal networks, Hypocreales and Agaricalesin were the 
keystone taxa in the flooding and drying treatments, respectively. Furthermore, 
the shift from flooding to drying enhanced the microbial respiration of soil 
aggregates by changing keystone taxa. Notably, fungal community composition 
and network properties dominated the changes in the microbial respiration of soil 
aggregates during the shift from flooding to drying. Thus, our study highlighted 
that the shift from flooding to drying changes keystone taxa, hence increasing 
aggregate-scale soil respiration.

KEYWORDS

soil respiration, soil aggregates, water regime changes, microbial community, 
co-occurrence network, keystone taxa

1. Introduction

Soil aggregates, the fundamental building blocks of soil structure, perform a vital function 
in SOC turnover and nutrient cycling by providing different habitats for microbial activity (Six 
et al., 2004; Wang et al., 2021). According to the hierarchical model, aggregates are classified as 
macroaggregates (> 0.25 mm) and microaggregates (< 0.25 mm; Tisdall and Oades, 1982). 
Different aggregate size classes have distinct roles in soil nutrient supply and retention by 
influencing soil biological processes and pore characteristics (Mangalassery et al., 2013; Chen 
et  al., 2023), thereby leading to small-scale heterogeneity in SOC mineralization (i.e., soil 
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respiration) (Wang et al., 2019). Macroaggregates generally comprise 
labile young SOC, predominantly originating from fresh SOC inputs, 
fungal hyphae, and plant residues (Six et al., 2004). However, the most 
recalcitrant SOC formed by microbial-induced bonding of clay 
particles and organometallic complexes is stored in microaggregates 
(Zhang et al., 2018). Although macroaggregates are considered to have 
higher soil respiration than microaggregates (Noellemeyer et al., 2008; 
Fernández et  al., 2010; Bandyopadhyay and Lal, 2014), 
macroaggregates have been shown to reduce soil respiration in 
contrast to microaggregates in various studies (Drury et al., 2004; Sey 
et al., 2008) or the same among aggregate size fractions (Razafimbelo 
et al., 2008; Rabbi et al., 2014). These conflicting results suggest that 
further research is required on the regulatory mechanisms of 
aggregate-scale soil respiration.

Soil respiration is profoundly affected by soil water regimes (Luo 
and Zhou, 2006; Zhu et al., 2020, 2022a). The changes in water regimes, 
such as intensive rain after a long drought or drying after intensive 
flooding, are dominant factor regulating biogeochemical processes in 
soils (Bodner et al., 2013; Evans and Wallenstein, 2014). These changes 
have a vital impact on soil aggregate stability, nutrient cycling, and 
microbial community composition and activity (Denef et al., 2001; 
Jansson and Hofmockel, 2020). Various microbial communities may 
colonize a given environment because varied sizes of aggregates provide 
unique niches for them to thrive in (including aerobic and anaerobic 
environments, for example) (Trivedi et al., 2017). Microaggregates have 
a high fungal abundance and a low bacterial abundance (Gupta and 
Germida, 1988; Jiang et al., 2018; Wang et al., 2021). Microaggregates 
amass more recalcitrant carbon, which is more favorable to oligotrophs, 
while macroaggregates contain comparatively much labile carbon, 
which favors copiotrophs (Trivedi et al., 2017). Increased soil water 
content generally promotes bacterial abundance, whereas drought 
decreases bacterial activity (Johan et al., 1986; Meisner et al., 2013). 
Owing to their thick cell walls, fungi are insufficiently sensitive to 
changes in soil moisture (Holland and Coleman, 1987; Umair et al., 
2020; Dacal et al., 2022). Therefore, soil bacteria and fungi may respond 
differently to water regime changes at the aggregate scale (Navas et al., 
2021), thereby affecting soil respiration. However, at the aggregate scale, 
our knowledge of how soil microbe communities respond to changes in 
water availability is still rather restricted.

Riparian zones, or the transition zones between aquatic and 
terrestrial ecosystems, facilitate critical ecological functions, such as 
supplying corridors for species migration and improving biodiversity 
(Jones et al., 2010; de Sosa et al., 2018). Water-level fluctuations have 
a significant impact on riparian ecosystems’ functions (Leira and 
Cantonati, 2008). These fluctuations are the major drivers of water 
regime changes (the shift from aerobic to anaerobic environments), 
which substantially affects soil respiration, soil aggregates and soil 
microbial community structure (Fierer et al., 2003; Zhu et al., 2022a). 
Nevertheless, it is not clear how microbial community changes at the 
aggregate scale due to water regime changes and how these changes 
affect respiration.

To date, research on the impacts of water regime changes on soil 
respiration and its mechanisms have primarily focused on wet–dry 
cycles (Jarvis et al., 2007), rewetting (i.e., rainfall) after long-term 
drought (De Nijs et  al., 2019), peatland drainage, and water level 
decline (Silvola et  al., 1996; Danevčič et  al., 2010). Among these 
studies, the focus has been on bulk soil. However, little is known about 
the impact of soil microbes on aggregate-scale soil respiration under 

water regime changes in the riparian zone. Filling this knowledge gap 
will improve our understanding of the SOC dynamics in water regime 
changes, which thus contributing to the realization of riparian 
ecosystem carbon sequestration and emission reduction targets.

The riparian zones of the Three Gorges Reservoir (TGR) are an 
excellent location for investigating the influence of soil microbes in 
soil respiration in the face of extreme shifts in the water regime. The 
water level of the TGR in China varies from 145 m to 175 m during 
summer and winter, respectively, due to dam activities, which results 
in the formation of a new riparian zone that is 349 km2 (Zhu et al., 
2020). In the TGR riparian zone, yearly disruption from fluctuating 
water levels, soil erosion and deposition caused by periodical draining 
and flooding, and the presence of microorganisms all have the 
potential to significantly alter soil aggregation (Xiang et al., 2018; Zhu 
et al., 2022a). She et al. (2022) recently reported that water regime 
changes result in distinct microbial community compositions and 
functions between the drainage and flooding periods, thereby 
controlling CH4 and CO2 emissions in the TGR. Zhu et al. (2022a) 
reported that in the riparian zone of the TGR, intense wet–dry 
oscillations reduce the soil’s aggregate stability while simultaneously 
increasing soil respiration. However, in this zone, the microbial 
mechanisms of aggregate-scale soil respiration under water regime 
changes remain unclear.

This research sought to examine how aggregate-scale soil 
respiration is regulated by microbial community structure in response 
to changes in the water regime (i.e., from flooding to drying), with a 
specific focus on microbiota population, microbial co-occurrence 
tendencies, and their keystone taxa in networks. Specifically, this study 
investigates (1) how varying aggregate sizes influence soil respiration, 
bacterial and fungal community composition, and co-occurrence 
networks during flooding and drying; (2) how the microbial keystone 
taxa change during the flooding and drying periods and whether soil 
respiration is regulated by keystone taxa at the aggregate scale; and (3) 
how to reveal the regulatory mechanisms of aggregate-scale soil 
respiration for different flooding and drying treatments. Considering 
that soil respiration and microbial communities are susceptible to 
disturbance due to water regime changes, we hypothesized that (1) soil 
respiration rate and microbial community richness would decline with 
the decrease in soil aggregate size, and their respiration would increase 
with the shift from flooding to drying, and (2) the microbial keystone 
taxa would predominantly regulate soil respiration in both flooding 
and drying treatments.

2. Materials and methods

2.1. Experimental sites and soil sampling

In June 2018, soil samples for this research were taken from the 
Wuyangwan riparian zone (31°11′20″N, 108°27′40″E), which is 
representative of the riparian zones along the Pengxi River. As a result 
of the activities of the Three Gorges Dam, the water level of the Pengxi 
River, which is a secondary branch in the TGR of the Yangtze River, 
varies between 145 and 175 meters above sea level (m.a.s.l) in the 
summer and winter, respectively (Figure 1) since the TGR was fully 
impounded in 2010 (Zhu et  al., 2020). With average annual 
temperatures of 18.2 ° C and average annual precipitation of 1,200 mm, 
the climate of this region may be  described as a humid and 
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mid-subtropical monsoon. The period from April through September, 
which is considered to be the plant growth season, receives over 60% 
of the total yearly precipitation (Zhu et al., 2020). Purple soil, formed 
from purple sandstone, is the dominant zonal soil type (Entisols in the 
World Reference Base) (Chen et al., 2014) with a texture dominated 
by silt loam (2.50% clay, 65.41% silt, and 30.09% sand) (Zhu et al., 
2022b). Most native trees have died because of periodic flooding. 
Moreover, tillage is not allowed in the TGR riparian zone owing to 
environmental concerns. Thus, grasslands are the dominant land-use 
type, comprising flood-tolerant grasses such as Xanthium sibiricum, 
Paspalum thunbergii, and Cynodon dactylon (Ye et al., 2019). Since 
2010, corn fields have been converted to selected grasslands, which 
were used as the study sites.

Based on an S-shaped sampling strategy and using a soil corer 
(5.7 cm diameter), nine soil samples, weighing approximately 

1.5 kg were obtained at random from the grasslands from 0 to 
10 cm depths. To avoid any impacts that might break the 
macroaggregates, we used a wooden mallet to carefully drive the 
corer into the soil.

2.2. Soil physicochemical properties

The soil that had been dried in an oven was used in the calculation 
of the soil bulk density (SBD). After mixing the sample with distilled 
water at a ratio of 1:2.5 soil to water, the pH of the soil was determined. 
SOC and TN were determined by the dry combustion method with a 
CN elemental analyzer (Vario Max CN Macro Elemental Analyzer, 
Elementar Analysensysteme GmbH, Hanau, Germany) (Nelson and 
Sommers, 1996).

FIGURE 1

Water level changes in the Three Gorges Reservoir and sampling frequency in the riparian zone (A); Schematic design and flow chart of the lab 
incubation experiment (B).
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2.3. Sieving of soil aggregates

Bulk soil (BS) samples were broken by hand along the fractures of 
the peds (> 8 mm). Plant residues, stones, visible fauna, and roots were 
excluded from the samples. Aggregate fractions were measured using 
wet sieving as described by Márquez et al. (2004). Briefly, a stack of 
sieves (2-, 0.25-and 0.053-mm) was used to manually fractionate 
air-dried samples of soil into four size classes in distilled water for 
2 min at a rate of 30 times/min. The bulk soil was broken down into 4 
aggregate fractions: > 2 mm (large macroaggregates, LM), 0.25–2 mm 
(small macroaggregates, SM), 0.053–0.25 mm (microaggregates, MI), 
and < 0.053 mm (silt and clay, SC). As soon as wet sieving was 
complete, the aggregates were given a gentle rinse in sterile water.

2.4. Incubation experiment

The prepared soils were introduced into 1,000 ml incubation jars 
(equivalent to 200 g of oven-dried soil in each), with three replicate 
jars of each treatment. In total, 15 glass jars were used for the 
incubation experiments, including three jars each for BS, LM, SM, MI, 
and SC. To accomplish soil microbial stability, we pre-incubated all 
soil samples at 15°C for 7 days with 50% water-filled pore space 
(Butterly et al., 2010; Jiang et al., 2021).

To simulate the soil moisture changes in the TGR riparian zone, 
the experiment was conducted at 15°C with two treatments: (a) 
flooding at a ratio of 1:2.5 soil to water and (b) drying with a moisture 
content of 50% field capacity. All incubated samples were placed in a 
constant-temperature incubator at 15°C, and in case it was deemed 
essential, deionized water was introduced into the mixture. Following 
the pre-incubation period, gas samples were withdrawn from the 
flooding incubation using a syringe on days 7, 14, 21, 28, 35, and 42. 
Subsequently, the flooding incubation experiment was terminated, 
and the soil samples were naturally dried to a moisture content of 50% 
field capacity on the 55th day. Gas samples were extracted on days 56, 
63, 70, 77, and 84 of the drying incubation. Twice weekly, the jars were 
weighed, and water was replenished to prevent excessive evaporation 
and keep the humidity level consistent. Following the removal of the 
polyethylene film from the jars, their headspaces were purged with 
fresh air for approximately 15 min. Gas was collected in the jars after 
they were hermetically sealed with rubber septum covers. At 0 and 1 h 
after the jar had been sealed, a gas-tight syringe was used to extract 
about 30 ml of gas from the headspace. The levels of carbon dioxide in 
the samples were determined by the use of Gas chromatography 
(GC-2014, Shimadzu, Japan).

2.5. Microbial community analysis

Following the guidelines provided by the manufacturer of the 
MoBio PowerSoil DNA extraction kit, total DNA was extracted from 
0.25 g of soil. Following amplification with fungal primers, ITS1F/
ITS2R (Adams et al., 2013) and bacterial primers, 338\u00B0F/806R 
(Lee et al., 2012), samples were sent to the Novogene Biotechnology 
Co., Ltd. (Beijing, China) for sequencing via Illumina® MiSeq. To 
extract the valid data (clean data) after sequencing, the raw data were 
first demultiplexed and then subjected to quality filtering using the 
Trimmomatic program (Magoč and Salzberg, 2011). A table of 

operational taxonomic units (OTUs) was created by clustering the 
sequences. Using the UPARSE program (UPARSE v7.0.10011; Edgar, 
2013) Sequences from bacteria and fungi with a similarity of ≥97% 
were placed in the same OTU. BLAST was employed to search the 
UNITE (fungi) and RDP (bacteria) databases for matching sequences, 
and then representatives of each OTU were chosen for taxonomic 
annotation (Wang et al., 2007; Kõljalg et al., 2013). There were a total 
of 17,115 16S OTUs and 5,033 ITS OTUs discovered across all 
samples. Bacterial and fungal raw sequencing data were jointly 
submitted to the National Center for Biotechnology Information 
(NCBI) Sequence Read Archive (SRA) database under BioProject 
accession number PRJNA844584.

2.6. Calculations and statistical analysis

The soil microbial respiration was calculated according to the 
following formula (Wang et al., 2014):
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Whereby, F denotes the CO2 flux (mg m−2  h−1); ρ (kg m−3) 
represents the CO2 density under normal circumstances; the effective 
volume is denoted by v (m3) while the bottom of the incubation jar is 
denoted by (m2); t0 represents the absolute temperature when 
circumstances are normalized; t signifies the absolute temperature 
within the jar; and 

dC
d
t

t
 is the shift in the level of CO2 (m3 m−3) that 

occurred within the jar throughout the sampling duration (h).
R software (version 4.1.0) was used for every computation along 

with the data analyzes. The Levene’s and Kolmogorov–Smirnov tests 
were completed to correspondingly ensure the homogeneity of 
variances and the normality of the data before proceeding with the 
analysis. If the conditions were not met, a log or square-root 
transformation was applied. Soil aggregate fractions were separated 
into four groups, and their individual attributes were compared via 
analysis of variance (ANOVA). Soil respiration variations between 
aggregate fractions were analyzed through repeated-measure 
ANOVA. Also, an independent sample t-test was conducted to 
contrast the impacts of flooding and drying treatments on the 
aforementioned characteristics at the same aggregate scale. Two-way 
ANOVA was executed to determine the different moisture treatments, 
soil aggregate sizes, and their interactions with soil respiration.

Using the cmdscale function in the vegan package, principal 
coordinate analysis (PCoA) was utilized to investigate the differences 
in bacterial and fungal community architectures across the various 
treatments and aggregate fractions. To show the connections between 
microbial populations and to compute their topological features, 
we adopted the co-occurrence network inference (CoNet) in Gephi 
0.9.2. Keystone species were identified as OTUs exhibiting a high 
degree, high eigenvector centrality, and high closeness/betweenness 
centrality (Wang et  al., 2021). The highest average degree was 
considered a complex microbial network (Wagg et al., 2019). Soil 

1 http://drive5.com/uparse
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respiration and keystone species abundance were also subjected to 
regression analyzes (Banerjee et al., 2016).

To determine how various predictor factors may be influencing 
soil respiration, partial least squares path modeling (PLS-PM) was 
carried out using the plspm program (Sanchez, 2013). Fourteen 
manifest variables [SOC, C/N ratio, pH, soil respiration, positive to 
negative edges (P/N) of the overall network (BPN), bacterial P/N 
related to keystone taxa (BKPN), bacterial average clustering 
coefficients (BACC), bacterial richness (BR), bacterial first dominant 
eigengenes BFDE, fungi richness (FR), fungal first dominant 
eigengenes (FFDE), fungal P/N of the overall network (FPN), fungal 
P/N related to keystone taxa (FKPN), and fungal average clustering 
coefficients (FACC)] and four latent variables (bacterial network, 
bacterial community composition, fungal network, and fungal 
community composition) were condensed for use in the 
PLS-PM. There were two or three manifest variables associated with 
each latent variable. The bacterial networks encompassed BPN, 
BKPN, and BACC. The bacterial community composition comprised 
BR and BFDE. Fungal networks included FR, FFDE, and FPN. The 
fungal community composition included FR and FFDE. We then 
computed the models’ path coefficients, which describe the direction 
and intensity of the linear correlations between the variables, as well 
as the explained variability (R2). Based on this information, 
we determined the overall influence (both direct and indirect) that 
each variable had on soil respiration. The path coefficients represent 
the direct impacts, while the indirect effects may be calculated by 
multiplying the direct effects by the indirect path’s path coefficients. 
The model’s overall prediction accuracy was measured by calculating 
its goodness of fit. Before running PLS-PM, we used a car package to 
ensure there wasn’t any multicollinearity between our chosen 
independent variables. In this investigation, we conducted regression 
random forest analysis with the rfPermute program to determine the 
most important soil variables for soil respiration. Variables with low 
levels of intercorrelation, a variance inflation factor of <10, 
significance levels of <0.05, and greater levels of mean squared error 
(MSE percent) were retained (Liaw and Wiener, 2002). Consequently, 
the proportion of soil aggregates, TN, and SBD was excluded 
(Supplementary Figure S1).

3. Results

3.1. Soil characteristics and microbial 
respiration

Flooding and drying influenced soil properties (Table 1). Flooding 
to drying generally decreased SOC and TN contents but slightly 
increased soil pH in all aggregate fractions. The SOC and TN contents 
of >2 mm aggregate fractions were substantially elevated relative to 
those of the other aggregate fractions in both the flooding and drying 
treatments. The SBD decreased as the aggregate size increased in both 
the flooding and drying treatments (i.e., LM < SM < MI < SC).

The soil CO2 flux (i.e., soil respiration) slightly increased with 
incubation time during the flooding phase (Figure 2). In contrast, soil 
respiration slightly decreased with increasing incubation time during 
the drying phase (Figure 2). Mean soil respiration dropped as the 
aggregate size became smaller in both the flooding and drying 

treatments (i.e., LM > SM > MI > SC). Notably, flooding to drying 
substantially enhanced the mean soil respiration (p < 0.05; Figure 3).

3.2. Abundance and composition of the 
microbial population

The soil microbial community richness is presented in 
Supplementary Table S1. The bacterial richness considerably 
decreased in response to the shift from flooding to drying. In 
contrast, the fungal richness substantially increased in response to 
the shift from flooding to drying. The maximum bacterial richness 
among the aggregate fractions in the flooding and drying conditions 
were MI (i.e., 5139.00 ± 38.73) and SC (i.e., 4290.67 ± 152.78), 
respectively. The minimum bacterial richness among the aggregate 
fractions in the flooding and drying conditions were SC (i.e., 
4617.00 ± 107.41) and MI (i.e., 3671.33 ± 93.38), respectively. The 
maximum fungal richness among the aggregate fractions in the 
flooding and drying conditions were SM (i.e., 611.00 ± 22.15) and SC 
(i.e., 723.33 ± 86.33), respectively. The minimum fungal richness 
among the aggregate fractions in the flooding and drying conditions 
were MI (i.e., 512.67 ± 61.06) and SM (i.e., 663.67 ± 27.28), 
respectively. Nevertheless, no significant variance in fungal richness 
was discovered among the aggregate fractions under the drying 
treatment. Moreover, the shift from flooding to drying reduced the 
bacteria-to-fungi ratio in all the aggregate fractions.

The relative abundance of the dominant bacterial and fungal phyla 
in soil aggregates under flooding and drying treatments are shown in 
Figure 4. The bacterial communities in soil aggregates predominately 
comprised Proteobacteria (34.6–43.3%), Acidobacteria (11.4–16.3%), 
Actinobacteria (6.8–12.1%), Firmicutes (3.6–7.7%), and Planctomycetes 
(1.9–2.2%). Compared with the flooding, the drying treatment 
resulted in an increase of 38.4–57.5% in the relative abundance of 
actinobacteria. The bacterial communities primarily included 
Ascomycota (9.3–36.5%), Basidiomycota (1.9–26.5%), Rozellomycota 
(0.1–5.2%), and Chytridiomycota (0.1–4.1%). Compared with the 
flooding treatment, the drying treatment generally enhanced the 
relative abundance of Basidiomycota and Ascomycota in soil aggregates.

The PCoA revealed that both bacterial and fungal community 
compositions were distinct among the aggregate fractions and 
treatments (Figure  5). Three samples from the same moisture 
conditions were grouped, regardless of the aggregate size. Moreover, 
the samples from different moisture conditions were completely 
separated from each other. The first two principal coordinates together 
explained 34.29 and 29.24% of the differences in soil bacteria and 
fungi community compositions, correspondingly.

3.3. Soil microbial co-occurrence networks

To evaluate differences in network features between individual 
treatments and for every aggregate fraction, we  generated 20 
subnetworks from the bacterial and fungal populations. 
Supplementary Table S3 displays the results of the ANOVA. Both 
bacteria and fungi community compositions exhibited modified 
co-occurrence patterns in response to the varying soil moisture 
treatments (Figure 6). The changes in the soil moisture conditions 
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substantially affected the dynamics of the microbial and fungal 
populations’ interplay. The shift from flooding to drying increased the 
ratio of positive to negative edges (P/N), average degree, and average 
clustering coefficient in all bacteria and fungi networks and most 
subnetworks (Table 2; Supplementary Tables S2, S3).

The changes in soil moisture conditions changed the keystone taxa 
(Table  3). For bacterial networks, Acidobacteria (unclassified 
Acidobacteria at the order level), Acidobacteria (Acidobacteriales), 
Gemmatimonadetes (Gemmatimonadales), Chloroflexi (Anaerolineales), 
and Bacteroidetes (Cytophagales) were the keystone taxa in the flooding 
treatment, whereas, in the drying treatment, the keystone taxa were 
Proteobacteria (unclassified), Proteobacteria (Rhizobiales), 
Gemmatimonadetes (Gemmatimonadales), Proteobacteria 
(Sphingomonadales), and Actinobacteria (Solirubrobacterales). For fungal 
networks, the keystone taxa in the flooding and drying treatments were 
Ascomycota (Hypocreales) and Basidiomycota (Agaricales), respectively.

Variation in the keystone taxa was observed across soil moisture 
manipulations (Supplementary Table S3). Bacterial subnetworks 
showed changes in their keystone taxa in response to manipulations 
of soil moisture and particle size distributions. P/N was solely 
influenced by soil moisture treatments for fungal subnetworks, 
whereas the average clustering coefficient was influenced by the 
interplay of aggregate sizes and soil moisture treatments.

3.4. Keystone taxa regulated soil respiration

The keystone taxa abundance was shown to have a strong 
correlation with soil respiration in regression analyzes (Figure 7). For 
bacteria, soil respiration was positively influenced by OTU88 
(Proteobacteria; R2 = 0.75, p < 0.01) under flooding treatment. Under 
drying treatment, soil respiration was positively influenced by OTU88 
(i.e., Proteobacteria; R2 = 0.32, p < 0.01), OTU89 (Gemmatimonadetes; 
R2 = 0.88, p < 0.01), OUT144 (Actinobacteria; R2 = 0.95, p < 0.01), 
OTU162 (Actinobacteria; R2 = 0.60, p < 0.01), and OTU13562 
(Actinobacteria; R2 = 0.21, p < 0.05). For fungi, soil respiration was 
positively influenced by OTU2732 (Ascomycota; R2 = 0.29, p < 0.05) 
under flooding treatment. Under flooding treatment, soil respiration 
was negatively influenced by OTU13 (unclassified fungus; R2 = 0.68, 
p < 0.01). Moreover, under drying treatment soil respiration was 
positively influenced by OTU11 (Basidiomycota; R2 = 0.32, p < 0.01), 
OTU12 (Ascomycota; R2 = 0.88, p < 0.01), OTU3 (Basidiomycota; 
R2 = 0.95, p < 0.01), OTU222 (Basidiomycota; R2 = 0.60, p < 0.01), and 
OTU477 (unclassified fungus; R2 = 0.21, p < 0.05).

TABLE 1 Main soil properties under drying and drying treatments.

SOC (g kg−1) TN (g kg−1) C:N (−) pH SBD PSA

Flooding Drying Flooding Drying Flooding Drying Flooding Drying Flooding Drying

BS 21.1bA 16.2bB 1.9aA 1.5bB 11.11bA 10.80bA 6.41aA 7.01aA 1.16abA 1.17abA -

LM 27aA 24.2aA 1.6bA 1.6aA 16.88aA 15.13aA 6.53aA 6.92aA 1.07cA 1.09cA 38.97a

SM 17.3bA 16.3bA 1.4bA 1.3bA 12.36bA 12.54bA 6.75aA 6.92aA 1.13bA 1.13bA 30.56a

MI 12.1cA 10.4cA 1cA 0.9cA 12.10bA 11.56bA 6.88aA 6.99aA 1.18aA 1.19aA 14.33b

SC 12.1cA 11.7cA 1.3bA 1.2bA 9.31bA 9.75bA 6.94aA 6.79aA 1.21aA 1.23aA 16.33b

BS, bulk soil; LM, >2 mm aggregate fractions; SM, 0.25–2 mm aggregate fractions; MI, 0.053–0.25 mm aggregate fractions; SC, <0.053 mm aggregate fractions; SOC, soil organic carbon; TN, 
soil total nitrogen; C:N, soil carbon to nitrogen ratio; SBD, soil bulk density; PSA, percentage of the aggregate size fractions. Significant deviations among various aggregate size fractions 
within the same column are denoted by small letters; Significant variations (p < 0.05) between soil moisture treatments within the same row are denoted by capital letters.

FIGURE 2

Flux of CO2 among soil aggregates in flooding and drying status. BS, 
bulk soil; LM, large macroaggregate, > 2 mm; SM, small 
macroaggregate, 0.25–2 mm; MI, microaggregate, 0.053–0.25 mm; 
SC, silt and clay, < 0.053 mm.

FIGURE 3

Mean soil respiration of different aggregate sizes in flooding and 
drying treatments during the incubation period. BS, bulk soil; LM, 
large macroaggregate, > 2 mm; SM, small macroaggregate, 0.25–
2 mm; MI, microaggregate, 0.053–0.25 mm; SC, silt and clay, < 
0.053 mm. A significant difference in soil respiration across aggregate 
sizes (p 0.05) in both the flooded and dried conditions is shown by 
the bars designated with capital letters and lowercase letters, 
correspondingly.
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FIGURE 4

Aggregate size fractions during flooding and drying conditions and the relative abundance of key phyla within fungi and bacteria communities.

FIGURE 5

The impacts of moisture status and aggregate fractions on bacterial (A) and fungal (B) populations are shown using principal coordinate analysis 
predicated on the Bray-Curtis distances. Symbols of varying hues depict various aggregate fractions, each corresponding to a certain treatment of soil 
moisture. FBS, bulk soil in the flooding treatment; FLM, large macroaggregates in the flooding treatment; FSM, small macroaggregates in the flooding 
treatment; FMI, microaggregates in the flooding treatment; FSC, silt and clay in the flooding treatment; DBS, bulk soil in the drying treatment; DLM, 
large macroaggregates in the drying treatment; DSM, small macroaggregates in the drying treatment; DMI, microaggregates in the drying treatment; 
DSC, silt, and clay in the drying treatment.
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3.5. The influence of soil characteristics 
and microbial community on soil 
respiration

A regression random forest analysis was showed that the key soil 
parameters that were linked to soil respiration were SOC, C/N ratio, 
and pH (Supplementary Figure S1). Soil respiration was also 
significantly influenced by the make-up of the microbial population 
(as measured by the first dominant eigengenes, FDE) and the features 
of the microbial network (as measured by the P/N ratio related to 
keystone taxa and the mean cluster coefficients).

In both the flooded and dried soils, PLS-PM analysis showed 
causative links between soil respiration, soil microbial network, soil 
microbial community composition, and environmental factors 
(Figure 8). In the flooding treatment, SOC, bacterial network, and 
fungal community composition exhibited a remarkable direct effect 
on soil respiration, with path coefficients of 0.71, 0.21, and 0.26, 
correspondingly (p < 0.05). Additionally, the SOC and C/N ratios both 
exhibited substantial indirect effects on soil respiration through fungal 
community composition, with path coefficients of 0.15 and-0.20, 
correspondingly (p < 0.05). Consequently, SOC had a strong beneficial 
effect on soil respiration, as measured by a path coefficient of 0.86. 
Bacterial networks predominantly and significantly relied on BPN and 
BACC with loading coefficients of 0.40 and 0.56, correspondingly 
(p < 0.05). Fungal community composition dominantly relied on their 
FFDE with a loading coefficient of 0.85 (p < 0.05).

In the drying treatment, SOC, bacterial network, fungal 
community composition, and the fungal network exhibited substantial 
direct effects on soil respiration, as indicated by path coefficients of 
0.57, 0.32, 0.25, and 0.56, correspondingly (p < 0.05). Moreover, the 
SOC and pH exhibited substantial indirect effects on soil respiration 
through fungal community composition, as illustrated by coefficients 
of 0.14 and 0.11, correspondingly (p < 0.05). By way of the microbial 
community, the C/N ratio strongly influenced soil respiration (path 
coefficient = −0.19) (p < 0.05). Furthermore, SOC had a path 
coefficient of 0.71, indicating that it considerably and positively 
influenced soil respiration. The bacterial network dominantly and 
significantly relied on BKPN with a loading coefficient of 0.61 
(p < 0.05). Moreover, fungal community composition predominantly 
relied on FR with a loading coefficient of 0.94 (p < 0.05). The fungal 
network predominantly relied on FACC with a loading coefficient of 
0.79 (p < 0.05).

4. Discussion

4.1. Soil respiration impacted by flooding 
and drying conditions at the aggregate 
scale

Soil respiration reflects short-term dynamics of SOC, which are 
primarily affected by several biotic and abiotic factors, like 

FIGURE 6

Networks showing the co-occurrence of bacterial (A,B) and fungal (C,D) populations under flooding and drying, respectively. A connection represents 
a statistically significant (p < 0.005) relationship between two OTUs. In a network, a node’s size is equivalent to the number of its connections (i.e., 
degree), and the Pearson correlation coefficients are used to determine the thickness of the edges connecting the nodes. Positive and negative 
interactions are denoted by the red and green edges, correspondingly.
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microorganisms, substrate availability, and water content (Luo and 
Zhou, 2006; Wang et  al., 2020). In this study, the respiration of 
different-sized soil aggregates slightly increased with the incubation 
time during the flooding phase, whereas it slightly decreased with 
incubation time during the drying phase (Figure 2). These differences 
may be caused by the discrepancy between the labile and recalcitrant 
carbon fractions used by microbes (Rusalimova and Barsukov, 2006). 
Generally, labile organic carbon is preferentially decomposed by soil 
microorganisms during the early stages of incubation. However, 
microorganisms began to use the recalcitrant organic carbon fraction 
which is more difficult to decompose in the late stage of incubation 
(Hao et al., 2008; Rabbi et al., 2014; Bimüller et al., 2016). In addition, 
the soil respiration rate fluctuated during the incubation process, 
which was likely because of soil disturbance caused by the 
pretreatment process, such as the collection of soil samples (Hao 
et al., 2008).

The variations in soil respiration at different aggregate sizes reflect 
the dominant roles of carbon and nitrogen contents and microbial 
activity within the aggregates under relatively uniform incubation 
conditions (Gupta and Germida, 1988; Kan et al., 2020). Our results 
showed that significant differences in the respiration of different size 
fractions of soil aggregates were observed under the same incubation 
conditions, and the mean soil respiration rate generally increased with 
the soil aggregate size-classes. These results support our first 
hypothesis, conforming to the conclusions drawn by Noellemeyer 
et al. (2008). The reasons for this are as follows. First, in the absence 
of plant roots, soil respiration is primarily derived from the 
decomposition of organic carbon by soil microorganisms (Ontl and 

Schulte, 2012). Further, the activities of microorganisms responded to 
the discrepancy in the amount and stability of organic carbon in 
different soil aggregate sizes, thereby leading to variations in soil 
respiration among different aggregate size-classes (Trivedi et al., 2017). 
Second, macroaggregate-associated carbon primarily derives from 
labile organic carbon (e.g., fresh plant residues) that easily 
decomposes, whereas microaggregate-associated carbon primarily 
comprises humus that is difficult to decompose and use (Six et al., 
1999). Moreover, because the pore necks in microaggregates are 
<0.2 μm in width, the pores in these structures are impenetrable to 
bacteria, thereby inhibiting biological activity (Erktan et al., 2020; Zhu 
et al., 2022b).

The mean soil respiration of all aggregate size fractions in the 
drying treatment was substantially elevated in contrast to the flooding 
treatment under a constant temperature (Figure  3). The results 
primarily showed the inhibition of organic matter decomposition, as 
soil pore spaces are occupied by water in the flooding treatment 
(Gorham, 1995); Additionally, during the drying treatment, 50% field 
water retention capacity was maintained in the soil samples since it is 
suitable for microbial activity, particularly in the early stage of 
measurement (Manzoni et al., 2012).

4.2. Microorganisms in soil aggregates 
under flooding and drying treatments

Soil aggregates act as heterogeneous microhabitats for highly 
spatially organized microorganism communities (Upton et al., 2019). 

TABLE 2 Topological properties of bacterial and fungal subnetworks.

Bulk/Aggregate 
soil

Treatments P/N of the 
whole 

network

P/N associated 
with keystone 

taxa

Average 
degree

Average 
clustering 
coefficient

Bacterial 

networks

Bulk soil Flooding 1.891 9.000 2.220 0.234

Drying 2.616 4.000 3.359 0.301

>2 mm Flooding 0.127 0.095 2.987 0.213

Drying 1.459 0.125 3.488 0.322

0.25–2 mm Flooding 0.134 0.167 2.920 0.224

Drying 1.462 3.000 4.014 0.276

0.053–0.25 mm Flooding 0.186 0.170 3.593 0.247

Drying 1.531 1.750 3.754 0.300

<0.053 mm Flooding 2.262 4.167 3.618 0.324

Drying 3.718 13.500 5.531 0.320

Fungal networks Bulk soil Flooding 0.495 0.100 8.179 0.288

Drying 0.300 15.000 5.337 0.264

>2 mm Flooding 0.530 1.375 6.248 0.342

Drying 0.712 15.500 7.538 0.381

0.25–2 mm Flooding 0.722 0.444 4.656 0.303

Drying 0.793 3.714 8.803 0.336

0.053–0.25 mm Flooding 0.526 1.500 4.360 0.258

Drying 0.713 2.000 5.930 0.299

<0.053 mm Flooding 0.946 13.000 8.041 0.335

Drying 1.002 1.000 10.271 0.362
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TABLE 3 The keystone taxa in the bacterial and fungal networks in flooding and drying treatments.

ID Phylum Order Degree Eigen 
centrality

Closeness 
centrality

Betweeness 
centrality

Treatment

OTU326 Acidobacteria Unclassified 32 0.97 0.50 621.44

OTU110 Acidobacteria Acidobacteriales 37 1 0.38 448.98

OTU88 Proteobacteria Unclassified 31 0.96 0.40 215.48 Flooding

OTU1276 Chloroflexi Anaerolineales 37 0.92 0.38 525.64

OTU714 Bacteroidetes Cytophagales 32 0.74 0.38 411.07

OTU89 Gemmatimonadetes Gemmatimonadales 36 1 0.42 353.45

OTU162 Proteobacteria Rhizobiales 34 0.98 0.41 386.78

OTU88 Proteobacteria Unclassified 32 0.96 0.41 341.53 Drying

OTU13562 Proteobacteria Sphingomonadales 37 0.91 0.42 386.78

OTU144 Actinobacteria Solirubrobacterales 34 0.90 0.40 370.63

OTU13 Unclassified NA 9 1 0.71 37

OTU12 Ascomycota Hypocreales 8 0.73 0.57 16

OTU21 Ascomycota NA 8 0.72 0.63 31.5 Flooding

OTU2732 Ascomycota Hypocreales 7 0.75 0.38 15

OTU15 Unclassified Unclassified 7 0.80 0.57 7

OTU12 Ascomycota Hypocreales 17 0.92 0.49 134.65

OTU11 Basidiomycota Agaricales 16 1 0.48 16.07

OTU222 Basidiomycota Agaricales 15 0.96 0.52 121.19 Drying

OTU3 Basidiomycota Agaricales 15 0.99 0.47 41.81

OTU477 Unclassified Unclassified 15 0.89 0.47 786.78

FIGURE 7

The relationships of soil respiration with the richness of key bacterial (A,C) and fungal members (B,D).
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In this study, the maximum bacterial abundances among the aggregate 
fractions under flooding and drying conditions were MI and SC, 
respectively. SM had the maximum fungal abundance under flooded 
conditions. These findings were comparable to those obtained in 
earlier investigations which revealed that the bacterial and fungal 
abundances are maximum in <0.25 mm and > 0.25 mm aggregates, 
correspondingly (Zhang et al., 2014; Bach et al., 2018; Wilpiszeski 
et al., 2019). The presence of protected habitats in microaggregates 
may facilitate niche creation for bacteria by excluding their predators 
(protozoa) and competing with fungi, since predation serves as a 
crucial structuring force for bacterial communities (Zhang et  al., 
2014). Additionally, due to the narrow gaps that exist between 
microaggregates, silt, and clay fractions, it is physically impossible for 
fungi to penetrate the interior of these habitats (Zhang et al., 2014; 
Erktan et al., 2020).

Soil water regimes, which are associated with most soil properties 
and processes, have a profound influence on the structure and 
function of the soil microbial population in the soil (Brockett et al., 
2012; Schimel, 2018). In this study, the shift from flooding to drying 
decreased the bacteria–fungi ratio in all aggregate size fractions. 
Notably, fungi are heterotrophic and essentially aerobic with limited 
anaerobic capabilities (McGinnis and Tyring, 1996). The shift from 
flooding to drying changed the soil microenvironment and improved 
the exchange of air and heat, which was conducive to soil fungal 
aeration. Fungal communities are generally more resistant to 
environmental alterations than bacterial communities (Lin et  al., 
2019). Consequently, fungi rapidly reproduce, thereby improving their 
diversity (Zhang, 2010). In addition, soil bacteria might adjust their 
expression of certain metabolic processes (e.g., resulting in the 
synthesis of compounds with osmoprotective properties) in response 
to the stress environment and maintain their growth during flooding 
(Chowdhury et  al., 2019). For bacteria, Proteobacteria were the 
dominant taxa in both flooding and drying treatments. Acidobacteria 
and Bacteroidetes were the subdominant groups in the flooding and 

drying treatments, respectively. Among fungi, the dominant taxa were 
Ascomycetes and Basidiomycetes. However, the shift from flooding to 
drying considerably increased the relative abundance of 
Basidiomycetes. These results were in line with those found in earlier 
investigations, which revealed that the microbial communities 
Proteobacteria, Acidobacteria, Bacteroidetes, Ascomycetes, and 
Basidiomycetes are abundant in wetland soils which are frequently 
anaerobic (Tait et al., 2007; Peralta et al., 2013). Moreover, the relative 
abundance of dominant microbial taxa generally decreased with an 
increase in aggregate size, which might be  related to the nutrient 
strategy of the microbial community (Fierer et al., 2007; Zhang et al., 
2016) where macroaggregates tend to be  nutrient-rich, whereas 
microaggregates are relatively barren (Fonte et al., 2014).

The co-occurrence patterns of soil microbes could be revealed by 
using network analysis, which is conducive to acquiring a more 
comprehensive knowledge of the structure of microbial communities 
and the biological principles that guide community formation 
(Barberán et  al., 2012). Herein, in both the flooding and drying 
conditions, Proteobacteria and Actinobacteria predominated in the 
bacterial network, while Ascomycota predominated in the fungus 
network, indicating that these phyla could be the most influential in 
determining the overall architecture of microbiomes. This is likely 
because Proteobacteria, Actinobacteria, and Ascomycota can resist 
external pressure and disturbances (Zhou et al., 2020; Faitová, 2021). 
This finding aligns with the conclusions drawn by Ye et al. (2021) in 
their study of co-occurrence patterns in the soil microbial network 
within the riparian zone of the TGR. In addition, the fungal network 
exhibited higher average degrees, and more nodes and edges in the 
drying treatment than in the flooding treatment, suggesting that the 
shift from flooding to drying enhanced the connectivity and 
complexity of the fungal network (Wagg et al., 2019; Ye et al., 2021). 
These results are in agreement with those of earlier research showing 
that flooding drastically decreases the complexity of co-occurrence 
networks (Zhang et al., 2019; Gao et al., 2021) owing to resource 

FIGURE 8

Soil respiration derived from different sizes of aggregates after exposure to flooding (A) and drying (B) treatments were modeled using a partial least 
squares path model of the impacts of soil characteristics, microbial population structure, and microbial network topological parameters (B). Positive 
paths (p < 0.05) are denoted by solid arrows, while insignificant paths (p > 0.05) are illustrated by the dotted arrows. The goodness-of-fit (GoF) statistic 
was employed to evaluate the model. SOC, soil organic carbon; C:N, the ratios of total carbon and nitrogen; BPN, P/N of the entire network; BKPN, 
P/N of the bacterial network related to keystone taxa; BACC, average clustering coefficients of the whole network; BR, the relative abundance of 
bacteria; BFDE, first dominant eigengenes of the bacterial community composition; FPN, P/N of the entire network; FKPN, P/N of the bacterial network 
related to keystone taxa; FACC, average clustering coefficients of the fungal network; FR, the relative abundance of fungi; FFDE, first dominant 
eigengenes of fungal community composition.
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limitations and environmental stresses, such as severe flooding stress, 
reduced water, and availability of nutrients (Malik et al., 2020; Qiu 
et al., 2021). In addition, positive linkages in the bacterial network, 
especially those linked to keystone taxa, rose as flooding duration 
reduced, whereas negative ones dropped as a result of the shift from 
flooding to drying (i.e., the P/N of the overall network and that related 
to keystone taxa) (Table 2). This indicates that the shift from flooding 
to drying increased niche breadths by eliminating flooding stress and 
reactivating aerobic microbes to enhance the availability of organic 
materials (Malik et  al., 2020), thereby mitigating competition 
(Banerjee et al., 2016) and exhibiting favorable co-occurrence patterns 
with selected copiotrophic keystone taxa (Wang et al., 2021).

4.3. Soil respiration regulated by keystone 
taxa at the aggregate scale

Soil respiration is determined by the richness of certain taxa 
(Banerjee et  al., 2016). Confirming our second hypothesis, both 
bacterial and fungal keystone taxa were found using the network 
analysis, and they were shown to have substantial ties to soil respiration 
(Figure 7). The abundance of Proteobacteria in bacteria and Ascomycota 
(Hypocreales) in fungi exhibited remarkably favorable impact on soil 
respiration during flooding treatment. Proteobacteria, Proteobacteria 
(Rhizobiales), Gemmatimonadetes (Gemmatimonadales), Proteobacteria 
(Sphingomonadales), and Actinobacteria (Solirubrobacterales) in bacteria 
and Ascomycota (Hypocreales), Basidiomycota (Agaricales), an 
unclassified taxon, in fungi, exhibited strong positive effects on soil 
respiration in the drying treatment. Proteobacteria, Firmicutes, and 
Actinobacteria have been found to decompose plant polymers by 
releasing soil enzymes like xylanases and β-glucosidase (Wang et al., 
2010; Tiwari et al., 2016; Zheng et al., 2018). Earlier literature has shown 
that the families of α-Proteobacteria are decomposers of both fresh and 
soil organic matter (Bernard et al., 2012; Liu et al., 2021). Herein, both 
Rhizobiales and Sphingomonadales belong to α-Proteobacteria, which 
positively affected soil respiration. Actinobacteria are an essential 
bacterium class that participates in many activities throughout 
ecosystems, including the breakdown of organic molecules, which can 
mineralize fused aromatic C-ring structures (Faitová, 2021). 
Gemmatimonadetes are typically abundant and active in low-moisture 
soils, playing a vital role in driving soil carbon cycling processes (He 
et  al., 2020; Fan et  al., 2021). Thus, our findings illustrated that 
Gemmatimonadetes positively affected soil respiration during the drying 
treatment rather than during the flooding treatment. In addition, an 
unclassified keystone fungus exhibited a considerable negative impact 
on soil respiration in the flooding treatment, which could explain why 
negative rates of soil respiration were detected during the drying 
treatment. Agaricales, an order of Basidiomycota, is an extremely 
common soft-rot fungus that aids in decomposing dead wood and litter 
and may generate a spectrum of hydrolytic enzymes capable of breaking 
down humic and lignin acids (Voříšková and Baldrian, 2013). During 
decomposition, the prevalent and persistent ascomycetous fungi 
(Hypocreales) are the endophytes of a wide variety of plants and also 
include extracellular fungi that produce enzymes (Voříšková and 
Baldrian, 2013; Herzog et  al., 2019). However, the keystone taxa 
Rhizobiales, Gemmatimonadales, Sphingomonadales, and 
Solirubrobacterales, Hypocreales, Agaricales are uncultured bacterial or 
fungal orders. Therefore, further studies are required to determine how 
they affect the composition and function of soil microbes (Wang et al., 

2021). Additionally, keystone taxa should be selectively excluded in 
future studies to verify the changes in species interactions affecting soil 
respiration (Zheng et al., 2021).

4.4. Regulating mechanisms of soil 
respiration at the aggregate scale in 
flooding and drying treatments

Microbial community structure and network properties assume 
critical roles in the dynamics of SOC (Banerjee et al., 2016; Zheng 
et  al., 2021). In both flooding and drying treatments, aggregate 
fractions remarkably modified the composition of microbial 
communities and microbial networks, primarily by altering their 
associated SOC levels (Cookson et al., 2005). In addition, SOC was the 
dominant regulator of soil respiration, with a path coefficient of 
0.86  in the flooding treatment and 0.71  in the drying treatment 
(Figure  8), suggesting that substrate supply was the major factor 
affecting CO2 release in this study (Luo and Zhou, 2006). Furthermore, 
the mechanisms regulating soil respiration were distinct between the 
flooding and drying treatments (Figure 8).

In the flooding treatment, except for SOC, soil respiration was 
principally modulated by the ACC and P/N of the entire network and 
FFDE. However, in the drying treatment, soil respiration was 
predominantly modulated by FR, FACC, and P/N associated with the 
bacterial keystone taxa. These results show that the shift from flooding 
to drying changed the regulatory mechanisms of soil respiration, 
particularly the fungal network. Archived literatures illustrates that 
decreasing competitive interactions with keystone taxa enhances soil 
respiration (Wang et al., 2021), whereas soil respiration diminishes when 
competitive interactions increase among keystone taxa (Chen et al., 
2019). The shift from flooding to drying relieved water stress, thereby 
alleviating interactions that are competitive with the co-occurrence 
networks’ keystone taxa. Moreover, C mineralization is less energy-
efficient during anaerobic degradation (Wang et al., 2021). Therefore, the 
shift from flooding to drying increased the average soil respiration rate 
(Figure 3). Notably, the relieved water stress increases oxygen availability, 
which creates copiotrophic environments for fungi that prefer aerobic 
conditions (McGinnis and Tyring, 1996) and interacts with other species 
by using both labile and recalcitrant carbon fractions (Bian et al., 2022). 
Also, the effect of the bacterial network on soil respiration increased 
from a path coefficient of 0.21 to 0.32 (Figure 8), which revealed that the 
dominant bacterial network with positive interaction in aerobic 
conditions facilitated the utilization of carbon sources by 
microorganisms, thereby stimulating soil respiration (Wang et al., 2021).

5. Conclusion

Our study reveals that the shift from flooding to drying changes 
the microbial community composition and keystone taxa, thereby 
enhancing the microbial respiration of soil aggregates. Specifically, soil 
respiration decreases with a decrease in aggregate size in both flooding 
and drying treatments. Additionally, the microbial respiration of soil 
aggregates is substantially higher in the drying treatments than in the 
flooding treatment as a result of the changes in keystone taxa. Notably, 
the fungal community composition and network properties dominate 
the changes in microbial respiration of soil aggregates during the 
flooding to the drying process. This study reveals the crucial roles of 
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fungal community composition and co-occurrence network 
properties in regulating soil respiration during the shift from flooding 
to drying conditions. Moreover, this analysis offers valuable knowledge 
of the mechanisms of soil respiration changes at the aggregate scale 
under different water regimes.
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White-rot fungi scavenge reactive 
oxygen species, which drives 
pH-dependent exo-enzymatic 
mechanisms and promotes CO2 
efflux
Ignacio Jofré-Fernández 1,2,3, Francisco Matus-Baeza 3,4 and 
Carolina Merino-Guzmán 2*
1 Scientific and Technological Bioresource Nucleus (BIOREN), Universidad de La Frontera, Temuco, 
Chile, 2 Laboratory of Geomicrobiology, Department of Chemical Sciences and Natural Resources, 
Universidad de La Frontera, Temuco, Chile, 3 Laboratory of Conservation and Dynamics of Volcanic 
Soils, Department of Chemical Sciences and Natural Resources, Universidad de La Frontera, Temuco, 
Chile, 4 Network for Extreme Environmental Research (NEXER), Universidad de La Frontera, Temuco, 
Chile

Soil organic matter (SOM) decomposition mechanisms in rainforest ecosystems 
are governed by biotic and abiotic procedures which depend on available 
oxygen in the soil. White-rot fungi (WRF) play an important role in the primary 
decomposition of SOM via enzymatic mechanisms (biotic mechanism), which are 
linked to abiotic oxidative reactions (e.g., Fenton reaction), where both processes 
are dependent on reactive oxygen species (ROS) and soil pH variation, which has 
yet been studied. In humid temperate forest soils, we hypothesize that soil pH 
is a determining factor that regulates the production and consumption of ROS 
during biotic and abiotic SOM decomposition. Three soils from different parent 
materials and WRF inoculum were considered for this study: granitic (Nahuelbuta, 
Schizophyllum commune), metamorphic (Alerce Costero, Stereum hirsutum), 
and volcanic-allophanic (Puyehue, Galerina patagonica). CO2 fluxes, lignin 
peroxidase, manganese peroxidase, and dye-decolorizing peroxidase levels were 
all determined. Likewise, the production of superoxide anion (O2•-), hydrogen 
peroxide (H2O2), and hydroxyl radicals (•OH) were assessed in soils microcosms 
after 36 days of anaerobic incubation with WRF inoculum and induced Fenton 
reaction under pH variations ranging from 2.5 to 5.1. ROS significantly increased 
biotic and abiotic CO2 emissions in all tested soils, according to the findings. The 
highest values (217.45 mg C kg−1) were found during the anaerobic incubation 
of sterilized and inoculated soils with WRF at a natural pH of 4.5. At pH 4.0, the 
lowest levels of C mineralization (82 mg C kg−1) were found in Nahuelbuta soil. 
Enzyme activities showed different trends as pH changed. The Fenton reaction 
consumed more H2O2 between pH 3 and 4, but less between pH 4.5 and 2.5. The 
mechanisms that oxidized SOM are extremely sensitive to variations in soil pH 
and the stability of oxidant radical and non-radical compounds, according to our 
findings.

KEYWORDS

white-rot fungi, SOM decomposition, greenhouse gasses, reactive oxygen species, 
enzymatic activity
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1. Introduction

The rate of industrialization has accelerated changes in carbon 
dioxide (CO2), methane (CH4), and reactive nitrogen oxides (NxO) 
emissions from human activities over the last 150 years (Köster et al., 
2017; Walsh et al., 2017). Furthermore, the geological and natural 
sources from which they are released frequently contribute to the 
current climate change problem. After photosynthesis, soils are the 
second largest source of CO2 fluxes in terrestrial ecosystems (Raich 
and Schlesinger, 1992; Dixon et al., 1994; Schlesinger and Andrews, 
2000). The sources of emissions are well understood, such as 
rhizosphere basal microbial respiration and the decomposition of 
plant residues and soil organic matter (SOM) (Kuzyakov, 2006). As a 
result, microbial communities play an important role in GHG 
emissions (Xu et al., 2013). Fungi have a significant function in the 
forest soil biome because they recycle and decompose both labile and 
recalcitrant materials like wood lignin under aerobic and anaerobic 
conditions (Lin et al., 2021; Naylor et al., 2022). This allows fungi to 
deal with changes in soil redox state resulting from rainfall in the 
winter and drying in the summer. This means that factors like soluble 
O2, pH, and oxidation–reduction processes in iron-rich soils in 
temperate rain forests may have a significant impact on SOM stability 
under a warming scenario.

The most common type of fungi in these rainforest soils that can 
efficiently convert lignin into CO2 are white-rot fungi (WRF). This 
fungus produces a diverse family of hemoperoxidases, including 
lignin peroxidases (LiP), manganese peroxidase (MnP), and dye 
peroxidase (DyP), all of which catalyze the decomposition of 
recalcitrant SOM via a step-by-step reaction catalyzed by hydrogen 
peroxide (H2O2) as acceptor, and resulting in CO2 efflux (Lenhart 
et al., 2012). The primary abiotic source of H2O2 in the soil is rainfall 
deposition (Willey et al., 1996; Kakeshpour et al., 2022). This occurs 
as a result of a photochemical or electrochemical reaction, such as 
water photolysis or an electrical storm (electro-Fenton). Furthermore, 

volatile terpene compounds can produce reactive oxygen species 
(ROS) in forest ecosystems via indirect biotic processes, reacting with 
ozone to produce hydroxyl radicals (•OH) and hydrogen peroxide 
(H2O2), both of which are then deposited in soil by precipitation 
(Becker et al., 1990). Furthermore, some aerobic soil bacteria produce 
biotic sources of ROS as a byproduct of respiration by releasing 
superoxide anion (O2•-), which is rapidly converted into H2O2 by the 
activity of different rhizosphere isoforms of extracellular superoxide 
dismutase enzymes (Takahashi et  al., 2003; Jofré et  al., 2021). 
Furthermore, ROS stability has been measured over a wide pH range 
(i.e., 2–10), whereas the maximum rate for metal oxidation occurs 
only at pH 3 (Garrido-Ramírez et al., 2010; Du et al., 2019).

Although SOM decomposition stimulates GHG release (Merino 
et al., 2020, 2021a), it is unclear whether biotic (exoenzymes) and 
abiotic (e.g., Fenton reaction) ROS production can be correlated with 
soil carbon emission, and whether this mechanism is transversal to 
the forest with similar structure on a not local scale. This hypothesis 
appears to be  dependent on optimal pH values for biotic GHG 
production, which is dependent on enzymatic activity and abiotic 
pathways (Merino et  al., 2021a). The optimal soil pH for 
methanogenesis, according to some reports, is between 4 and 7, but 
higher CO2 emissions were recorded at circumneutral pH (Dalal and 
Allen, 2008). As a result, soil pH affects all chemical, physical, and 
biological soil properties, affecting C fluxes.

Under pH variation, factors such as the availability and 
consumption of oxidant and radical species (H2O2, •OH, and O2•-) in 
biotic and abiotic redox reactions should be considered to determine 
the potential of GHG emissions in temperate rainforest soils. 
According to changes in soil pH, we hypothesize that the stability and 
consumption of reactive oxygen species (ROS) from biotic and abiotic 
reactions can significantly drive the CO2 emission rate from temperate 
rainforest soils. We investigated the dynamics of ROS under oxygen-
limiting conditions, with and without white-rot fungal inoculum, and 
the Fenton reaction in long-term incubations in this study.
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2. Materials and methods

2.1. Study sites and sampling

Three temperate forest soil types with mean annual precipitation 
ranging from 1,500 to >5,000 mm were chosen. The first soil 
sampled was a loamy Inceptisol (Soil Survey Staff, 2014) which was 
derived from intrusive granodiorite rocks in Nahuelbuta National 
Park (37°47′S, 72°12′W) (Bernhard et  al., 2018). This soil was 
formed by ancient Araucaria araucana and Nothofagus pumilio 
forests. The second soil sampled in Alerce Costero National Park in 
the Coastal range under Nothofagus spp. and Fitzroya cupressoides 
(40°22′S 73°38′W) was a loamy clay Ultisol derived from 
metamorphic mica-schist materials with illite-kaolinite as dominant 
clays (Luzio et al., 2003). The final soil was collected in the Andes 
Cordillera from a primary temperate rainforest of Nothofagus 
betuloides in Puyehue National Park (40°47′S, 72°12′W) as Andisol 
derived from recent volcanic ash and basaltic scoria deposits with 
a high content of allophane, imogolite, and ferrihydrite (Neculman 
et al., 2013).

Four composite soil samples were extracted from the top Ah 
mineral horizon (0–15 cm) at each site after the litter layer was 
removed. The samples were cleaned in the laboratory to remove coarse 
organic debris and separated into two parts: one was stored at 4°C for 
a microcosm experiment and microbial analyses, and the other was 
air-dried for further physico-chemical analyses.

2.2. Analytical soil procedures

The pH and electrical conductivity were measured in an aliquot 
of soil in a 1:2.5 suspension of soil:water. TOC-VCSH (Shimadzu, 
Kyoto, Japan) was used to determine soil organic C, and total N was 
determined using Kjeldahl distillation (VELP, Usmate, Italy). The 
aluminum, iron and manganese were extracted by oxalate; Alo, Feo and 
Mno respectively, using 0.2 M ammonium oxalate at pH 3 (Sadzawka 
et al., 2006). The aluminium, iron and Mn complexed with SOM, 
extracted by pyrophosphate, Alp, Fep and Mnp, respectively were 
obtained using a solution of 0.1 M sodium pyrophosphate (Van 
Reeuwijk, 2002). To identify exchangeable, crystalline, and 
complexed-SOM metals in soil samples, dithionite-citrate-bicarbonate 
(Fed) was used. Atomic absorption spectroscopy (Perkin Elmer 3110, 
Waltham, Massachusetts, United States) was used to determine Fe and 
Mn concentrations at 248.3 nm for Fe and 279.5 nm for Mn using a 
nitrous oxide acetylene flame. Cation exchange capacity (CEC) and 
nutrient characterization were carried out as Sadzawka et al. (2006) 
suggested. The total Fe concentration in 100 mg of dry soil was 
determined by adding 0.9 mL 0.28 M hydroxylamine hydrochloride 
and 1 mL 0.28 M HCl (Stookey, 1970). Approximately 100 μL of the 
extract was added to 4 mL of ferrozine color reagent (1 g ferrozine in 
6.5 M ammonium acetate solution). Iron (II) concentration was 
determined in 100 mg of soil by adding 1 mL of 0.5 M HCl and 
vigorously shaking. Ferrozine reagent was added as previously 
described, and absorbance at 562 nm (ferrozine-Fe(II) complex 
standard) was measured in a UV spectrophotometer (Lovley and 
Phillips, 1987). The difference between total Fe and extractable 
Fe(II)-HCl forms was used to calculate the Fe(III) (oxyhydr) 
oxide content.

2.3. Culture conditions and fungal 
identification

In the same areas where soil samples were taken, white rot fungi 
were isolated from small fragments of decayed wood or fruiting body 
pieces. The fragments were placed in sterile tubes and stored at 4°C 
until they were analyzed. Small fragments of fungi fruiting bodies or 
decayed wood colonized by fungi were incubated on acidified glucose 
malt extract agar plates (15 g/L agar, 3.5 g/L malt extract, 10 g/L 
glucose, pH 5.5). Under aseptic conditions, pure mycelial cultures 
were obtained, and strains were identified using ITS sequencing. The 
DNA from each strain was extracted using the E.Z.N.A.® SP Fungal 
DNA Mini Kit D5524-01 (Omega, Bio-Tek, Norcross, GA, 
United States). The ITS1-5.8S—ITS2 rDNA was amplified using ITS1 
and ITS4 primers (White et al., 1990). PCR was carried out in a total 
volume of 25 μL with 0.1 mM dNTPs, 0.1 mM of each primer, 5 U of 
Taq DNA polymerase, and the supplied reaction buffer (Promega Inc., 
Seoul, Korea). An ABI PRISM 3730 l DNA Analyzer System was used 
to sequence the PCR products (Macrogen, Seoul, Korea). The 
nucleotide sequences were compared in the GenBank database 
(Horisawa et al., 2013). Schizophyllum commune was identified in 
Nahuebuta soil, Stereum hirsutum in Alerce Costero soil, and Galerina 
patagonica in Puyehue soil (see Supplementary Table S1, for more 
information). In each microcosm, the isolates were inoculated at a 
final concentration of 3 × 108 CFU gr soil−1 in 100 μL of sterilized water.

2.4. Microcosm anaerobic experiments

Under anaerobic conditions, the contribution of and ROS 
production and consumption from soils at different pH levels was 
determined in a sterilized portion of soil at field capacity (80%) from 
each soil (oxygen-free by N2 purge). In a destructive sampling design, 
soil samples were incubated in 120 mL serum bottles for 36 h at 12°C 
to monitor CO2 evolution, ROS production, and enzymatic activity. 
To remove the microbial resistant structures, the soil samples were 
sterilized for 20 min at 121°C (in an autoclave) on four consecutive 
days. The soils were then fumigated with chloroform vapor for 24 h in 
a vacuum chamber (Trevors, 1996). Autoclaving was chosen because 
it has little effect on the structure of SOM, primarily causing changes 
in the carbohydrate and N-alkyl domains (Berns et al., 2008). Because 
it causes Fe reduction and oxidation, gamma radiation was avoided 
(Bank et  al., 2008; Abedini et  al., 2014; Sutherland et  al., 2017). 
Gamma radiation also increased the bioavailability of Fe(III) 
(oxyhydr)oxide minerals, which helped in Fe(III) reduction (Brown 
et al., 2012). There were three treatments (WRF, Fenton reaction, and 
WRF + Fenton) and four replicates with four induced pH in each soil; 
2.5, 3, 4, and the natural pH of each soil (3.6, 4.5, and 5.1 for 
Nahuelbuta, Alerce Costero, and Puyehue, respectively). A H2O2:Fe(II) 
ratio was also added to induce the Fenton reaction, as previously 
reported by Merino et  al. (2020). This was achieved by adding 
120–143 mL of H2O2 (0.1 M) and 1.29 g Fe(II) kg−1 soil as FeCl2 to the 
soil (Sigma Aldrich, United States). A total of 144 serum bottles with 
septums for gas sampling were used. CO2 was collected at 0.5, 4, 8, 12, 
24, and 36 days of incubation. Approximately 10 mL of CO2 gas sample 
was extracted and injected into a gas chromatograph with Flame 
Ionization Detector (GC/FID) (Thermo Fisher ScientificTM, Austin, 
TX) with a 30 mm DB1-MS column and selected ion mode at each 
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sampling time. At the end of the incubation period, 72 microcosm 
bottles were harvested, and soil was homogenized and quickly 
subsampled for ROS analysis and enzymatic activity at each sampling.

2.5. Reactive oxygen species (ROS) 
detection

Superoxide anion (O2•-) production was measured in 0.5 g of soil, 
which was extracted with 12 mL of potassium phosphate buffer (PPB, 
65 mM, pH = 7.8) and centrifuged at 10,000×g for 15 min at 4°C. The 
supernatant (5 mL) was combined with 0.9 mL of PPB, 1 mL of 
sulfanilamide (17 mM), 1 mL of hydroxylamine hydrochloride (10 mM), 
and 1 mL of naphthylamine (7 mM) and incubated in the dark for 20 min 
at 25°C. At 530 nm, the absorbance of the samples was measured 
(Greenwald, 2018). Hydrogen peroxide (H2O2) was determined using the 
iodometric titration method (Velikova et al., 2000). The concentration of 
H2O2 in mg L−1 was determined using a calibration curve as the standard. 
Although iodometric titration is less precise than permanganate titration, 
it produces fewer interferences with SOM (Liang and He, 2018; Merino 
et al., 2020). Page et al. (2013) previously used terephthalic acid (TPA) in 
soil to measure •OH production. Approximately 200 l of soil water (1:2.5 
soil:water suspension) was injected into 3 mL aliquots of deoxygenated 
water for the blank (in triplicate) and 3 mL of TPA for the test (in 
triplicate) (1.5 mM, in triplicate). TPA-treated soil suspension was 
incubated for 24 h in the dark to oxidize into hydroxyterephthalic acid 
(hTPA). Finally, the sample was filtered at 0.22 m and the fluorescence was 
measured in a microplate reader at λex = 310 nm, λem = 425 nm (Synergy 
HT, Biotek). The fluorescence intensity was compared to a standard curve 
with 2-hydroxyterephthalic acid (0, 2, 20, 40, and 80 nM) (hTPA, 
Sigma Aldrich).

2.6. Enzyme activity

Exoenzymatic activities were spectrophotometrically measured 
under pH variations after 36 h of incubation. The formation of Mn(III)-
tartrate complex during the oxidation of 0.1 mM MnSO4 in 100 mM 
tartrate buffer at pH 5 was used to determine manganese peroxidase 
(MnP) activity. At 238 nm, manganese peroxidase was measured 
spectrophotometrically (Xu et al., 2018). The oxidation of 2,2′-azino-bis 
(3-ethylthiazoline-6-sulfonate) (ABTS) (2.5 mM) to its cation radical in 
100 mM tartrate buffer at pH 5 was followed by dye-decolorizing 
peroxidase (DyP) activity. At 418 nm, dye-decolorizing peroxidase was 
measured spectrophotometrically (Salvachúa et  al., 2013). Veratryl 
alcohol (2 mM) was used as a substrate for LiP during the oxidation of 
0.21 mL of 50 mM sodium tartrate buffer at pH 2.5. At 310 nm, lignin 
peroxidase was measured. The enzymatic activity tests were all performed 
in the presence of 0.1 mM H2O2. All oxidative enzymatic activities were 
measured in units (U) per milliliter (i.e., one millimole of substrate 
oxidized per minute). The measured H2O2 was normalized in relation to 
the treatment values in terms of representation.

2.7. Statistical analysis

The normal data distribution and variance homogeneity were 
tested for each treatment and soil type. One-way ANOVA was used 

for cumulative gas sampling (CO2). Using a repeated-measures 
ANOVA test, the enzyme activity, ROS production, and Fenton 
contribution were tested over a 40-day incubation period. The last 
three variables measured were plotted as a six-sample time average. 
Duncan’s multiple range test was used for multiple comparison means 
because all ANOVA tests were significant at p  0.05. The RStudio 
software was used for all analyses (1.1.442).

3. Results

3.1. Soil properties

The soils studied are formed from a variety of parent materials, 
including Granitic (Nahuelbuta), Metamorphic (Alerce Costero), 
and Volcanic-allophanic (Puyehue); their textures range from sandy 
to clay. The pH ranged from 3.6 to 5.1, with organic C levels ranging 
from 9.2 ± 0.1 to 11.4% ± 0.3. Natural H2O2 levels in soil range 
between 25.6 ± 0.7 and 33.7 ± 0.5 μM g−1 soil (Nahuelbuta<Alerce 
Costero< Puyehue soils). Puyehue soil had the highest content of Al 
complexed with SOM (Alp) (11 g kg−1 soil ±1.5), while Nahuelbuta 
soil had the lowest (0.7 g kg−1 soil ±0.1). The Alo + 1/2 Feo > 2%, 
which indicates Andic properties <2, was found at higher levels of 
3.8% in Puyehue soil. The Alo symbol represents Al-oxides 
associated with amorphous structures, such as Alp with 
SOM. Puyehue soil had the highest value of 3.1 ± 0.2 g kg−1 soil. The 
Puyehue soil had the lowest CEC (5.3 cmol(+) kg−1), while Alerce 
Costero soil had the highest (19.7 cmol(+) kg−1). The total Fe 
content was determined by combining the soluble ferrous iron 
Fe(II) and ferric iron Fe(III) forms, which ranged between 8.4 ± 0.5 
and 11.8 ± 0.5 g kg−1. Alerce Costero soil had a higher total Fe 
content than other soils (Table 1).

3.2. CO2 evolution

Over the course of 36 days, increasing patterns of CO2 efflux 
were observed in all evaluated soils (Figures 1A–C). The highest 
values were found in Alerce Costero soil during anaerobic 
incubation of sterilized samples inoculated with WRF, at pH of 4.5 
(217.45 mg C kg−1) (Figure 1B). The lowest levels of C mineralization 
(82 mg C kg−1) with the lowest pH 4 were found in Nahuelbuta soil 
(Figure 1A). Alerce Costero and Puyehue soils followed a similar 
pattern, with the highest CO2 release occurring at the highest pH 
levels, 4.5 and 5.1, and the lowest at induced pH 2.5 (Figures 1B,C). 
Figure  1A depicts the inverse trends for Nahuelbuta soil. 
Furthermore, all the soils treated with WRF without Fenton, and 
soils treated without inoculum, showed a lower average rate values 
than the combined treatments (WRF + Fenton). Similarly, the 
lowest average rate of mineralization was observed in sterile soils 
treated with Fenton, followed by WRF without Fenton induction 
(Figures 1A,C).

3.3. Exo-enzyme activities

After 36 days of incubation, the activity of LiP, MnP, and DyP was 
measured. When compared to non-induced Fenton groups, all WRF 
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plus induced-Fenton reactions increased proportionally to enzyme 
activity. The responses of enzyme activities to pH changes in the soils 
studied varied (Figure 2). Except for Puyehue soil, only the Nahuelbuta 
microcosm showed a decrease in activity as the pH increased, with the 
highest activity observed at pH 2.5 (Figures 2A,D,G). LiP, MnP, and 
DyP were one, two, and eight times higher, respectively, than at 
natural pH. The CO2 released was distributed uniformly across the soil 
pH gradient. With the exception of Alerce Costero with LiP and 
Puyehue, the highest pH showed the lowest enzymatic activity and 
CO2 release after 36 days of incubation. LiP activity in Alerce Costero 

soil displayed a distinct pattern of activity when compared to MnP 
and DyP. The activity of the LiP increased as the pH increased from 
acidic to moderate acidic, with higher activity observed at pH (4.5) 
(Figure 2B). MnP and DyP, on the other hand, significantly reduced 
their activity from pH 2.5 to 4.5, while CO2 increased at day 36 
(Figures 2E,H). The pH variation in Puyehue soil was observed to have 
a non-linear distribution. Lip, MnP, and DyP activity were found to 
be lower in acidic conditions (pH 2.5), with the highest activity at pH 
3 (Figures  2C,F,I), followed by a decrease in activity at natural 
pH (4.5).

FIGURE 1

(A–C) CO2 evolution from anaerobic sterilized soils inoculated with WRF and H2O2/Fe for Fenton reaction, derived from three temperate rain forest 
sites with varying pH and incubated for 40 days at 12°C. The blue dotted lines represent the average rate of CO2 released by the induced Fenton 
reaction in sterilized soils at natural pH, while the green dotted lines represent the average rate of CO2 released by WRF at natural pH without the 
induction of the Fenton reaction. Significant differences (p < 0.05) are indicated by different letters in each panel. The ladder graph depicts the total 
amount of CO2 emitted between measurements.

TABLE 1 Characteristics of soil used in the study.

Analysis Units Nahuelbuta Alerce Costero Puyehue

SOCa % 9.20 ± 0.1 9.7 ± 0.2 11.4 ± 0.3

Total N % 0.5 ± 0.01 0.4 ± 0.00 0.6 ± 0.03

C:N ratio Unitless 24.3 23.8 19.1

pH water Unitless 3.6 ± 0.2 4.5 ± 0.2 5.1 ± 0.1

H2O2 μM g−1 soil 25.6 ± 0.7 28.0 ± 0.9 33.7 ± 0.5

Alp
b g kg−1 soil 0.7 ± 0.1 5.7 ± 0.02 11.0 ± 1.5

AlO
c g kg−1 soil 7 ± 0.02 0.73 ± 0.1 3.1 ± 0.2

Alo + 1/2 Feo Unitless 1.25 1.85 3.8

Al Saturation % 80.0 93.5 22.4

Total Fe % 10.4 ± 0.3 11.8 ± 0.5 8.4 ± 0.5

Fe2+ % 2.3 ± 0.5 5.8 ± 0.4 3.2 ± 0.2

Fe3+ % 8.1 ± 0.3 6.0 ± 0.5 5.2 ± 0.3

CECd cmol(+)kg−1 soil 11.8 19.7 5.3

Parent materials Unitless Granitic Metamorphic Volcanic-allophanic

Clay typee K Q,I,K Allophane-imogollite

Texturef L CL SCL

aSoil organic carbon.
bPyrophosphate extractable Al.
cOxalate extractable Al.
dEffective cation exchange capacity.
eQ quartz, K kaolinite, I illite.
fSCL sandy clay loam, CL clay loam, L loam.
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3.4. Effect of pH on ROS generation

pH had an effect on O2•- production, and the variation was 
significant between treatments and soils, ranging from 0.5 to 
1.3 μmol g−1 soil (Figures 3A,D,G). The highest values in Nahuelbuta 
soil were obtained at higher pH, in the Fenton + WRF group, and 
in the independent treatments (Figures 3A–C). This pattern was 
also observed in Alerce Costero soil, where pH 2.5 and 3 had the 
highest levels of O2•-, decreasing to 4 and 4.5 (Figure  3A). In 
comparison to the other soils, the values in Puyehue soil were 
inverse to the trend (Figure 3G). The lowest levels of O2•- were 
found in the most acidic values (2.5), but at pH 3, the maximum 
production was reached, and as the pH increased, the O2•- content 
decreased (Figure 3G). As the pH changed, the production of H2O2 
varied without a clear trend (Figures 3B,C,H). The highest value of 
3.4 μmol g−1 of soil was discovered in Alerce Costero at a natural pH 
of 4.5 (Figure  3E). Puyehue had the lowest H2O2 production of 
1.3 μmol g−1 soil and the lowest pH of 2.5 (Figure 3H). These values 
take into account the subtraction of the added H2O2 to initiate the 
Fenton H2O2/Fe(II) reaction (10,1 ratio). When compared to the 
other reactive oxygen species, the production of hydroxyl radicals 
(•OH) was the highest (ROS) (Figures  3C,F,I). Similar to H2O2 

production, there was no discernible trend in •OH production, with 
the highest value of 4.3 μmol g−1 soil being recorded at the lowest 
pH 2.5 in Nahuelbuta (Figure 3C). The almost undetectable •OH 
0.7 μmol g−1 soil was recorded in Puyehue with the lowest pH of 2.5 
(Figure 3I). The WRF + Fenton treatment produced the highest total 
ROS, followed by Fenton and the WRF treatments with lower 
contributions (Figure 3). Furthermore, the cumulative production 
of ROS (the sum of the values of each ROS in all soils) was found to 
be  lowest for O2•-, followed by •OH, and H2O2 had the 
highest abundance.

3.5. H2O2 consumption

Figure 4 depicts the consumption of H2O2 by exoenzyme and 
Fenton reaction after 36 days of incubation due to their high 
oxidative content, allowing them to be used as a cofactor in catalysis 
and iron oxidation (Fenton). When WRF was added to Nahuelbuta 
soil, this increased H2O2 consumption between pH 2.5 and 3.6, but 
decreased at pH 4. The Fenton reaction, on the other hand, 
consumes more H2O2 at higher pH levels (pH 4) (Figure 4A). This 
was not the case with Alerce Costero soil. At moderate acidity pH 

FIGURE 2

A–C: lignin peroxidase (LiP); D–F: manganese peroxidase (MnP); and G–I: dye-decolorizing peroxidase (DyP) in soils inoculated with WRF from three 
temperate forest soil sites at various pH levels. At natural pH, the green dotted lines represent the average rate of cumulative enzyme activity by WRF in 
the absence of the Fenton reaction. Within each panel, different letters indicate significant differences (p < 0.05).
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4.5 and acid condition (2.5), the exoenzyme consumes more H2O2, 
whereas consumption is similar but significantly reduced at pH 3 
and 4. The Fenton reaction, on the other hand, exhibits higher 
consumption values between pH 3 and 4, but lower consumption 
values between pH 4.5 and 2.5 (Figure  4B). At pH 3.6, similar 
consumption values were observed in both exoenzyme and Fenton 
reactions, but not at the other pH tested. When the pH is raised, 
exoenzymes consume the least. At pH 2.5, the Fenton reaction 
produced the lowest values (Figure 4C).

3.6. Relationships between variables 
measured

The consumption of CO2 and H2O2 was found to have a positive 
and significant relationship (Figures  5A–C). CO2 production in 

WRF-treated soils was strongly related to peroxide consumption 
(p < 0.01, R2 > 0.85). Puyehue soil had a lower CO2 evolution trend 
associated with H2O2 consumption, but the tendency was lower in 
comparison to Alerce Costero soil, which had a higher CO2 
production and H2O2 consumption at pH 3, with a steeper slope 
(Figures 5B,C).

4. Discussion

The abiotic decomposition of SOM is driven by reactive oxygen 
species such as O2•-, •OH, and H2O2, which occurs naturally even in 
the absence of enzymatic activity (Piccolo et al., 2018). H2O2 can 
be incorporated into soils via wet and dry atmospheric deposition 
(Petigara et al., 2002), intense solar radiation (Georgiou et al., 2015), 
oxidation of Fe (II) or reduced dissolved organic carbon (DOC) by 

FIGURE 4

The average of exoenzyme activity or Fenton reaction from anaerobic sterilized soils inoculated with WRF from Nahuelbuta (A), Alerce Costero (B), 
and Puyehue (C) forest soil sites at different pH levels. Incubated for 36 days at 12°C. Significant differences (p < 0.05) are indicated by different 
letters in each panel.

FIGURE 3

Detection of reactive oxygen species (ROS): superoxide anion (A,D,G); hydrogen peroxide (B,E,H); and hydroxyl radical (C,F,I) from soils inoculated with 
WRF from three temperate forest soil sites at different pHs. Significant differences (p < 0.05) are indicated by different letters in each panel.
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oxygen (Page et al., 2013; Trusiak et al., 2018), and biotic input via the 
release of various oxidative compounds by soil bacteria and fungi. 
The biotic or abiotic H2O2 input is critical in the decomposition of 
labile and recalcitrant SOM, increasing H2O2 concentration (Merino 
et al., 2020, 2021b). An excess of H2O2, on the other hand, causes 
competition for H2O2 between abiotic and biotic processes.

The WRF generates endogenous H2O2 that serves as a cofactor for 
many enzymes that control fungal biomass conversion and the activity 
of lignolytic enzymes (e.g., Mn-peroxidase, LiP-peroxidase, lytic 
polysaccharide monooxygenases), which can be driven in the absence 
of O2 (Wong, 2009; Suryadi et al., 2022). Brown-rot fungi, which lack 
lignin peroxidases, may use the released H2O2 to drive the Fenton 
reaction, which is unique to these fungi (Arantes et al., 2012). As a 
result, competition can have a significant impact on the efficiency with 
which SOM is mineralized. Excess H2O2 may cause parallel (additive 
or synergistic) biotic and abiotic reactions, whereas fungi native 
production will compensate for the oxidant’s substrate for the Fenton 
reaction if there is insufficient H2O2. This would have an antagonistic 
effect on SOM degradation efficiency.

Both biotic (Diaz et  al., 2013; Shah et  al., 2016) and abiotic 
(Garrido-Ramírez et al., 2010; Georgiou et al., 2015) factors influenced 
the level of H2O2 in soil. The pH of the soil influences both the biotic 
and abiotic response to oxidative processes, according to our findings. 
The biotic component is most sensitive to changes in pH, whereas 
Fenton-mediated oxidation increases H2O2 consumption and CO2 
efflux. When the pH was close to 5.1, the Alerce Costero and Puyehue 
soils showed similar higher CO2 emission trends. The highest efflux 
was observed in Nahuelbuta soil at more extreme acidic pH levels 
(2.5). This could be attributed to the Schizophyllum commune strain, 
which grows well in vitro under acidic conditions, which could 
translate into increased enzymatic activity. Microbial activity regulates 
extracellular O2•- concentrations in the soil environment (Diaz et al., 
2016), which may affect soil H2O2 levels. The effect of pH treatment 
on WRF activity in the three soils studied was comparable to previous 
studies (Leff et al., 2015; Ling et al., 2016). Soil CO2 emissions had a 
significant positive relationship with soil H2O2 consumption 
(Figure 5). Increased biodiversity may improve Fe mobilization and 
H2O2 decomposition in soils, according to these findings. This effect 
is closely related to soil functional selection, which includes nutritional 

and physical conditions that favor the establishment of specific 
microorganisms over others (Mimmo et  al., 2014). Based on soil 
organic matter (SOM) availability and N content, previous research 
has shown that endemic microbiota can cause significant CO2 flux and 
reactive oxygen species (ROS) production (Merino et al., 2021a).

Reactive oxygen species are known to play a critical role in the 
generation of CO2 by WRF (Hammel et al., 2002), the soil CO2 released 
was investigated using ROS as a factor. Given that H2O2 has long been 
used as an oxidant in soil degradation and SOM assessment, our 
discovery of a strong and linear relationship between CO2 released and 
soil H2O2 concentrations was not surprising (Robinson, 1927). 
Previously, researchers discovered a strong positive linear correlation 
between CO2 production and H2O2 concentrations in deciduous forest 
soils (Jugold et  al., 2012). It is possible that different types of soil 
precursors will react differently to H2O2. More research on the specific 
precursors of abiotic CH4 produced in soils should be conducted to 
determine how the precursors and ROS are likely to interact 
biochemically. However, we were unable to establish a clear relationship 
between H2O2 concentrations and the other ROS precursors, implying 
that the H2O2 levels used in this study were possibly too high and that 
other factors (e.g., soil Fe or Mn) had become limiting in the 
generation of ROS.

Our findings show that anaerobic soils produce a higher 
proportion of •OH in soils, and that Fe(II) is the primary electron 
donor allowing the synthesis of •OH and subsequent SOM 
decomposition, which results in CO2 release in soils. •OH 
measurements during anaerobic incubation were consistent with 
previous research (Page et  al., 2013; Minella et  al., 2015). •OH 
generation in anaerobic and low-O2 soil can also be supported by 
reducing conditions (i.e., high electron donating capacity and thus 
high concentrations of electron donors) present across a broad pH 
range (Page et al., 2013). The pH and oxygen levels in the studied 
soils were significantly lower (Lipson et al., 2012, 2013), and Fe(II) 
concentrations provided highly reducing conditions. •OH 
production from the oxidation of reduced components such as 
Fe(II) or reduced SOM can be significantly influenced by pH. •OH 
can also be produced by oxidizing Fe(II) at a pH close to neutral 
(Remucal and Sedlak, 2011). For example, oxidation of Fe(II) at pH 
5 may result in the formation of ferryl iron (Fe(IV)) and •OH, 

FIGURE 5

The relationships between CO2 and H2O2 consumption in anaerobic sterilized soils inoculated with WRF from Nahuelbuta (A), Alerce Costero (B) and 
Puyehue (C) forest soil sites at different pH levels. For 40 days, it was incubated at 12°C. All relationships are statistically significant at p < 0.01.
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reducing the ratio of •OH generated per mol oxidized Fe(II) 
(Vermilyea and Voelker, 2009; Remucal and Sedlak, 2011). Other 
studies have revealed that at low pH (5), Fe(II) oxidation produces 
more •OH than Fe(IV) (Remucal and Sedlak, 2011). In contrast to 
Fe(II) oxidation, the effect of pH on the production of •OH from 
reduced DOC oxidation has not been studied. Aeschbacher et al. 
(2012) found that the oxidation of DOC to produce •OH is more 
favorable at high pH than at low pH, implying that this process 
occurs more frequently at higher pH.

5. Conclusion

This research investigated the impact of reactive oxygen 
species (ROS) on CO2 efflux and enzymatic activity during long-
term anaerobic incubation. Despite the fact that few studies have 
proven that H2O2 availability has an effect, our findings show that 
abiotic and biotic reactions using reactive oxygen species as a 
feed for both mechanisms have an antagonistic and synergistic 
effect on GHG emission. However, in all soils tested, ROS 
production significantly increased biotic and non-biotic CO2 
emissions. This implies that microorganisms and soil structure 
have an additional influence on C efflux, which is pH dependent. 
When bacterial microbiota undergoes redox fluctuations, WRF 
contributes more than 70% of GHG emissions (N2O and CO2), 
which is consistent with previous research conducted in the same 
forest region. According to the findings of this study, the 
mechanisms of microbial SOM oxidation are highly dependent 
on the stability and abundance of oxidant radical and non-radical 
compounds, as well as changes in soil pH.
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Glossary

ROS reactive oxygen species

WRF White Rot Fungi

O2- superoxide anion

H2O2 hydrogen peroxide

OH hydroxyl radicals

SOM soil organic matter

NxO reactive nitrogen species

LiP lignin peroxidase

MnP manganese peroxidase

DyP dye decolorizing peroxidase

GHG green house gasses

Ah first mineral horizon of soil

TOC total organic carbon

CEC cation exchange capacity

ITS internal transcribed spacer

CFU colony forming units

DOC dissolved organic carbon
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Contribution of microbial activity 
and vegetation cover to the spatial 
distribution of soil respiration in 
mountains
Sofia Sushko 1,2, Lilit Ovsepyan 3, Olga Gavrichkova 4,5, 
Ilya Yevdokimov 6, Alexandra Komarova 1, Anna Zhuravleva 6, 
Sergey Blagodatsky 7, Maxim Kadulin 8 and Kristina Ivashchenko 1*
1 Laboratory of Carbon Monitoring in Terrestrial Ecosystems, Institute of Physicochemical and Biological 
Problems in Soil Science, Pushchino, Russia, 2 Department of Soil Physics, Physical Chemistry and 
Biophysics, Agrophysical Research Institute, Saint Petersburg, Russia, 3 Center for Isotope 
Biogeochemistry, University of Tyumen, Tyumen, Russia, 4 Research Institute on Terrestrial Ecosystems, 
National Research Council, Porano, Italy, 5 National Biodiversity Future Center, Palermo, Italy, 
6 Laboratory of Soil Carbon and Nitrogen Cycles, Institute of Physicochemical and Biological Problems 
in Soil Science, Pushchino, Russia, 7 Terrestrial Ecology Group, Institute of Zoology, University of 
Cologne, Cologne, Germany, 8 Soil Science Faculty, Lomonosov Moscow State University, Moscow, 
Russia

The patterns of change in bioclimatic conditions determine the vegetation cover 
and soil properties along the altitudinal gradient. Together, these factors control 
the spatial variability of soil respiration (RS) in mountainous areas. The underlying 
mechanisms, which are poorly understood, shape the resulting surface CO2 flux 
in these ecosystems. We aimed to investigate the spatial variability of RS and its 
drivers on the northeastern slope of the Northwest Caucasus Mountains, Russia 
(1,260–2,480 m a.s.l.), in mixed, fir, and deciduous forests, as well as subalpine 
and alpine meadows. RS was measured simultaneously in each ecosystem at 12 
randomly distributed points using the closed static chamber technique. After the 
measurements, topsoil samples (0–10 cm) were collected under each chamber 
(n = 60). Several soil physicochemical, microbial, and vegetation indices were 
assessed as potential drivers of RS. We  tested two hypotheses: (i) the spatial 
variability of RS is higher in forests than in grasslands; and (ii) the spatial variability 
of RS in forests is mainly due to soil microbial activity, whereas in grasslands, it is 
mainly due to vegetation characteristics. Unexpectedly, RS variability was lower in 
forests than in grasslands, ranging from 1.3–6.5 versus 3.4–12.7 μmol CO2 m−1 s−1, 
respectively. Spatial variability of RS in forests was related to microbial functioning 
through chitinase activity (50% explained variance), whereas in grasslands it was 
related to vegetation structure, namely graminoid abundance (27% explained 
variance). Apparently, the chitinase dependence of RS variability in forests may 
be  related to soil N limitation. This was confirmed by low N content and high 
C:N ratio compared to grassland soils. The greater sensitivity of grassland RS to 
vegetation structure may be related to the essential root C allocation for some 
grasses. Thus, the first hypothesis concerning the higher spatial variability of RS 
in forests than in grasslands was not confirmed, whereas the second hypothesis 
concerning the crucial role of soil microorganisms in forests and vegetation in 
grasslands as drivers of RS spatial variability was confirmed.

KEYWORDS

soil CO2 emission, altitudinal gradient, forest and grassland ecosystems, soil properties, 
plant community structure
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1. Introduction

Soil respiration (RS) is one of the major fluxes of the global carbon 
(C) cycle affecting atmospheric CO2 concentrations. The process of RS 
potentially provides feedback to global climate change due to the large 
amount of C currently stored in soil organic matter (SOM), otherwise 
known as soil organic carbon (SOC) (Reichstein et al., 2003; Frey 
et al., 2013). SOC accounts for approximately 1,500 Pg of total C 
unequally distributed in the uppermost meter of the global soil layer, 
representing the largest terrestrial C pool (Kutsch et  al., 2010; 
Schaufler et al., 2010; Mayer et al., 2020). The ratio between SOC 
accumulation in terrestrial ecosystems and SOC loss as CO2 efflux 
from soil determines whether an ecosystem serves as an atmospheric 
sink or source of C (Schlesinger and Andrews, 2000; Bolstad 
et al., 2004).

The processes and factors affecting RS has become a heavily 
scrutinized topic in the international research community in the 
broad context of its efforts to mitigate long-term climate change (Bu 
et al., 2012; Leifeld et al., 2013). However, the extremely high temporal 
and spatial variability of RS remains a challenge for the development 
of accurate regional and global models of the C cycle (Bond-Lamberty 
and Thomson, 2010). The temporal variation of the RS process is 
studied worldwide and can be effectively predicted by the dynamics 
of soil temperature and moisture (Luo and Zhou, 2006; Xu and Shang, 
2016; Hursh et al., 2017; He et al., 2023). However, much remains 
unclear about the spatial variation of RS within different ecosystems, 
landscapes, and biomes, making it difficult to predict.

RS composed of autotrophic (mainly root respiration) and 
heterotrophic components hampers the quantification of spatial 
drivers controlling the total CO2 efflux from soil (Chen et al., 2017). 
The contribution of each of these components is characterized by high 
spatial heterogeneity (Subke et al., 2006). More specifically, the spatial 
variation of root respiration is affected by vegetation, i.e., by species 
composition, abundance of herbaceous species, and the corresponding 
density of fine roots in the upper soil layer (Rodeghiero and Cescatti, 
2008). At the same time, changes in the microbial capacity to 
decompose SOM (enzymatic activity, basal respiration, microbial 
biomass abundance, etc.) from site to site determine the spatial 
distribution of heterotrophic respiration (Ananyeva et  al., 2020). 
Consequently, the drivers of spatial distribution of different 
components of RS are interdependent, and it is quite difficult to 
determine which of these components are key.

Mountain landscapes occupy almost 25% of the global surface 
area (Kapos et al., 2000) and accumulate significant amounts of SOM 
(Canedoli et al., 2020); consequently, their contribution to the global 
С cycle can be considerable (Hansson et al., 2021). As for regional 
models describing the C cycle in mountains, the contribution of RS 
accounts for up to 21% of regional emissions estimates, exceeding 
even that of the C-rich soil of steppes (Kudeyarov et  al., 2007). 
Nevertheless, there is a significant lack of data on RS in mountainous 
areas (Kudeyarov and Kurganova, 2005; Liu et  al., 2014). These 
shortcomings are related to difficulties in logistics and equipment 
delivery, unfavorable climatic conditions, and measurement features 
(Lin et  al., 2017). For instance, when measuring RS on mountain 
slopes, the correction factor on steepness should be applied (Xu and 
Shang, 2016). Therefore, researchers usually select a flat plot to 
determine RS, resulting in a lack of data about mountain landscapes 
with steep slopes. Hence, an extension of the regional database is 

necessary for better understanding the spatial patterns of RS in 
mountains and its drivers.

Most mountains (e.g., Himalayas, Alps, Caucasus) are covered 
with forests, which are replaced by grasslands at increased altitudes 
(Bardelli et al., 2017; Ahmad et al., 2020; Ivashchenko et al., 2021). 
Hence, the distribution patterns of RS change at higher altitudes. A 
higher variation coefficient in forests than in grasslands has been 
shown due to the high heterogeneity of soil conditions caused by gaps 
in forest canopies (Rodeghiero and Cescatti, 2008; Katayama et al., 
2009; Qi et al., 2010; Darenova et al., 2016; Shi et al., 2019). Besides, 
considering that the ratio of heterotrophic to autotrophic respiration 
in forests is mainly higher than in grasslands as reviewed by Hanson 
et al. (2000), it would be reasonable to assume a different contribution 
of microbial and vegetation properties to the spatial variations of RS 
in these ecosystems. Despite a number of works having been 
conducted on the determination of drivers of spatial patterns of RS in 
forests (Luan et al., 2012; Jiang et al., 2020), there is still a lack of clear 
understanding on how they are combined in different ecosystem 
types. Such assessments face the substantial challenge of organizing 
simultaneous measurements of RS across various ecosystems to avoid 
the effect of temporal variability (Jiang et  al., 2020). The spatial 
variability of RS could be assayed using manipulation experiments or 
monitoring natural environmental gradients in the field. Manipulation 
experiments in controlled environments negatively affect the ability to 
predict system responses to changing factors and, accordingly, the 
capacity to effectively schedule and implement conservation actions 
(Pressey et  al., 2007; Reside et  al., 2017; Ettinger et  al., 2019). 
Interpreting the data from monitoring experiments performed in 
natural environments is a more challenging issue; nonetheless, it is a 
promising alternative to manipulation experiments as more realistic 
assessments of RS and its drivers could be achieved.

Thus, we developed an experimental design that allows for the 
mitigation of the effect of temporal variability via simultaneous 
measurements in various ecosystems along altitudinal gradient and 
only focused on spatial factors within forests and grasslands of the 
examined mountain slope. The following hypotheses were formulated:

 i. The spatial variability of RS in forests is higher than in 
grasslands due to the high heterogeneity of environmental 
conditions (e.g., temperature and litter thickness) caused by 
canopy gaps compared to open grasslands.

 ii. The spatial variability of RS in forests is attributable mainly to 
soil microbial activity, while spatial variability of RS in 
grasslands is attributable mainly to vegetation properties, 
taking into account different contributions of heterotrophic 
and autotrophic components to this process for the two 
ecosystem types.

2. Materials and methods

2.1. Study area and experimental design

The study was conducted in the Northwest Caucasus Mountains 
(43°40’N; 40°47′E) in Karachay-Cherkess Republic, South Russia. The 
mountain slope-to-test was the northeastern exposure and covered five 
vegetation belts: mixed forest at 1,200–18,00 m a.s.l., fir forest at 
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1,800–2,040 m a.s.l., deciduous forest at 2,040–2,290 m a.s.l., subalpine 
meadow at 2,290–2,300 m a.s.l., and alpine meadow at 2,300–2,500 m a.s.l. 
(Figure  1). The soil types were Cambisols, Umbrisols, and Leptosols 
formed on non-alkaline bedrock. The mean annual air temperature 
ranged from 3.5 to 5.9°C (our data for years 2018–2021; Table 1) and 
annual precipitation ranged from 800 to 1,850 mm (the nearest 
meteorological stations were located at 1,313 m a.s.l. and 2,006 m a.s.l.). The 
dominant vegetation species along the studied slope are shown in Table 1.

In each vegetation belt, 12 plots of 0.5 × 0.5 m were randomly 
established as described by Ivashchenko et al. (2021). In total, there 
were 60 plots along a 1.2 km altitudinal gradient. RS was measured 
simultaneously at all plots from 9:30 to 10:30 a.m. on August 11, 2018. 
This design was aimed at estimating the drivers of spatial variation of 
RS without considering the causes of its temporal changes. The 
measurement time (day and hour) was chosen so that the primary 

drivers of temporal variability of RS (i.e., plant phenology, soil 
temperature, and moisture) were close to representative throughout 
the altitudinal gradient. First, most plant species along the study slope 
reach their maximum phytomass and ripening stage in the first half of 
August. Second, on the eastern slope, there is enough light during the 
morning for photosynthesis, but there are still no large spatial 
fluctuations in soil temperature. On the measurement day, soil 
moisture across the slope was equally sufficient due to preceding rain 
events typical for the summer season at the location. Vegetation and 
soil physicochemical and microbial properties characterizing the 
sources, conditions, and mediators of CO2 formation in soil were 
considered as potential drivers of spatial variability of RS. In this case, 
only the upper 10-cm soil layer was taken into account, since (i) its 
microbial properties showed a close correlation with RS for different 
soils and ecosystems (Sushko S. et al., 2019; Sushko S. V. et al., 2019), 

TABLE 1 General characteristics of studied forest and grassland sites along the northeastern slope of Mt. Tkachiha.

Site Altitude, m a.s.l. Slope, ° MAT, °C Dominant vegetation

Air Soil

Forests

mixed 1,260 7 5.9 NA Fagus orientalis, Abies nordmanniana, Picea orientalis

fir 1,960 20 3.4 3.9 Abies nordmanniana

deciduous 2,060 26 4.1 3.6 Acer trautvetteri, Sorbus aucuparia, Betula pendula

Grasslands

subalpine 2,240 9 4.8 4.0 Calamagrostis arundinacea, Festuca ovina

alpine 2,480 6 3.5 3.2 Carex sp., Vaccinium vitis-idaea

MAT, mean annual temperature for years 2018–2021; NA, not available.

FIGURE 1

Scheme of the northeastern slope of Mt. Tkachiha (Northwest Caucasus, Karachay-Cherkess Republic, Russia).
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and (ii) it provides main portion of surface CO2 fluxes from moist soils 
(Wiaux et al., 2015).

Vegetation surveys to identify plant species and their projective 
cover for the herbaceous layer were carried out at each 0.5 × 0.5 m plot 
before RS measurements. Simultaneously with the RS measurement, 
soil temperature was recorded at a 10 cm depth using the Checktemp 
sensor (Hanna Instruments, Germany), after which a single composite 
sample per plot (mixing 5 cores with Ø 5 cm) was taken from the 
upper 0–10 cm layer, placed in a plastic bag, and transported to the 
lab. Fresh samples (n = 60) were immediately sieved through a 2 mm 
mesh to exclude roots, debris, stones, and homogenized them. A 
portion of each soil sample was used to determine its moisture by the 
gravimetric method (8 h, 105°C). The remained soil was used for 
microbial and chemical analysis. Subsamples for microbial analysis 
were stored at 4°C for up to 2 weeks after sampling.

2.2. Soil respiration

Soil respiration (RS), i.e., CO2 efflux from the soil surface, was 
measured by the closed static chamber technique. For this, 
non-transparent PVC chambers (Ø 15.5 cm, volume 1.8 L) were inserted 
into the soil to a depth of 2–3 cm (above-ground grass was preliminarily 
cut) perpendicular to the slope surface. Three air samples (20 ml) were 
taken from each chamber through a rubber stopper with a gas-tight 
syringe and analyzed with an infrared gas analyzer (SBA-5, PP system, 
USA). The first zero-time sample was collected immediately after 
installing the chamber, while the other two were collected at an interval 
of 3–5 min. The day before, preliminary measurements were performed 
with gas sampling at nine time points (0, 1, 2, 3, 4, 5, 10, 15, 20 min) to 
determine the period of initial linear increasing of CO2 concentration 
inside the closed chamber at each site. It was found that 5 min is a 
representative time for all ecosystems during which the gas increases 
linearly (mean R2 = 0.98 ± 0.03). Additionally, we recorded atmospheric 
pressure along the altitudinal gradient simultaneously with RS 
measurements using a meteorological barometer. The RS rate (μmol CO2 
m−2 s−1) was calculated according to the following equation:

 
R

VP

RST
S = ×

∂
∂
C
t

,

 
(1)

where V is chamber volume (m3), P is air chamber pressure (Pa), 
R is gas constant (8.314 m3 Pa K−1 mol−1), S is soil surface area (m2), T 
is chamber air temperature (K), and ∂С/∂t is change of CO2 
concentration inside the chamber over time (μmol mol−1 s−1). The final 
RS rate was corrected for the surface slope angle in degrees (θ): RS/cos 
θ (Xu and Shang, 2016).

2.3. Soil and vegetation analysis

Soil total C and N contents were determined by the dry 
combustion method using a CHNS analyzer (Leco Corp., USA). 
Dissolved organic carbon (DOC) and dissolved total nitrogen (DTN) 
were determined in 0.05 M K2SO4 extracts (5 g soil: 20 mL solution) 
using a Shimadzu TOC-VCPN analyzer (Shimadzu Corp., Japan) 
(Makarov et  al., 2015). The pH was measured in a soil:water 
suspension (1:2.5 ratio) with a conductivity Sartorius Basic Meter 
(Germany). Microbial biomass carbon (MBC) was measured by the 

substrate-induced respiration method (Anderson and Domsch, 1978; 
International Organization for Standardization, 1997). Basal 
respiration (BR) was measured as the rate of soil CO2 release using 
gas chromatography (KrystaLLyuks-4,000 M; Meta-Chrom, Russia) 
(International Organization for Standardization, 2002). The MBC 
and BR values were determined under optimum hydrothermal 
conditions for the microorganisms: 22°C and 65% water holding 
capacity. Three hydrolytic C-and N-acquiring enzymes (β-d-
glucosidase, chitinase, and leucine aminopeptidase) were measured 
using fluorogenic substrates (Marx et  al., 2005; International 
Organization for Standardization/Technical Specification, 2019) as 
detailed by Ivashchenko et al. (2021). The soil samples for MBC, BR, 
and enzyme activities were pre-incubated at 22°C for 72 h 
(Loeppmann et al., 2016).

We chose characteristics of the herbaceous layer as a potential 
driving factor along the altitudinal gradient because: (i) it is a uniform 
ecological plant group for forest and grassland sites; (ii) despite a small 
contribution to overall forest biomass, this plant strata significantly 
affect N, P, K, and Mg cycles and mediate C dynamics at the ecosystem 
level (Gilliam, 2007). For each of the plots studied, the number of 
species (richness) and total projective coverage for graminoids and 
forbs were estimated (Ivashchenko et al., 2021). These functional plant 
groups were the most abundant and presented throughout the 
altitudinal gradient. In addition, the Shannon-Wiener plant diversity 
index (Hplant) for the herbaceous layer was calculated using the 
following equation:

 H p pplant = −∑ i iln  (2)

where pi is the ratio of i species projective cover to total projective 
cover of all species per plot.

2.4. Statistical analysis

The spatial variability of the studied properties within forests 
and grasslands was quantified by the coefficient of variation (CV, 
%), calculated as the ratio of the standard deviation to the mean. 
Additionally, boxplots combined with dot plots were used to show 
the variability of RS across the studied sites. The significance of 
differences in variables between two or more independent groups 
was tested by Welch’s t-test or one-factor analysis of variance 
(ANOVA), respectively. Principal component analysis (PCA) was 
used to show variations and relationships between the studied 
environmental variables, as well as to illustrate the difference 
between forest and grassland sites. To reveal possible drivers of RS 
spatial variability within forests and grasslands, we used forward 
stepwise regression and path analysis. First, significant factors 
within each group of variables (soil physicochemical, microbial, and 
vegetation) were identified by forward stepwise regression using 
permutation tests. Afterward, the causal relation between the 
identified predictors was examined using path analysis. The 
pre-analysis and preparation of data included (1) checking the 
normality of distribution with a histogram plot and Shapiro–Wilk’s 
test, (2) log-transformation of some variables to achieve a normal 
distribution (i.e., C, N, C:N, DOC, BR, enzyme activity), and (3) 
centering and scaling to unit variance. All analyses and 
visualizations were performed in the R software system (version 
4.1.2, RStudio Team, 2023) using the following packages: “ggplot2” 
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for boxplots (Wickham, 2016), “FactoMineR” (Lê et al., 2008) and 
“factoextra” (Kassambara and Mundt, 2020) for PCA, “packfor” for 
forward stepwise regression (Dray et al., 2016), and “lavaan” for 
path analysis (Rosseel, 2012).

3. Results

3.1. Environmental characteristics in forests 
and grasslands

As expected, soil environments essentially differed between 
mountain forests and grasslands (Table  2). Grasslands located at 
higher altitudes than forests accumulated more organic matter (in the 
C, N, DOC, DTN forms) in soils characterized by a lower C:N ratio. 
Under both types of vegetation, the soils were strongly acidic (pH 
5.0–5.2). Soil temperature in forests varied noticeably higher than in 
grasslands; its average values were 14.1, 11.3, 11.6, 13.7, and 13.0°C 
for mixed, fir, deciduous forests, subalpine and alpine grasslands, 
respectively. Conversely, water content was more homogenous in 
forests than in grasslands, averaging 39.3, 38.8, 39.4, 45.3 and 61.2% 
for the above listed ecosystems, respectively. Among the 
physicochemical properties studied in forest and grassland soils, the 
DTN content showed the highest spatial variability (CV 55–63%).

Differences in contents of total and dissolved forms of C and N 
between the forest and grassland soils led to significant differences in 
their microbial properties. Basically, indices of microbial activity in 
grasslands exceeded those in forests, except for leucine aminopeptidase 
(LAP) activity. Among the soil microbial properties, the activity of 
enzymes had the highest spatial variation within both forests and 
grasslands (CV 64–137%).

The forest understory (18% projective coverage) was formed 
mostly by forbs (11%). By contrast, the projective coverage (>90%) of 
grasslands almost equally consisted of graminoids and forbs. As a 
result, the number of species and the homogeneity of their distribution 
within a plot (Hplant) were higher in grasslands than in forests. In 
general, the spatial variation of all of the vegetation properties studied 
was considerably higher in forests than in grasslands (CV 50–164% 
vs. 9–56%).

The PCA analysis for all measured characteristics showed a clear 
grouping of studied sites by vegetation type, i.e., forests and grasslands 
(Figures  2A,B). Among the soil physicochemical parameters, the 
organic matter (in the C, N, DOC, DTN forms) and water contents 
mostly differed between forest and grassland soils (allocation of points 
along axis 1; r2 = 0.64–0.92) (Figure 2A). It is worth noting that the 

FIGURE 2

Principal component analysis (PCA) ordination triplot for soil physicochemical (A), soil microbial (B), and vegetation (C) characteristics of mountain 
forest and grassland sites. See variable abbreviations in Table 2.

TABLE 2 Topsoil (0–10 cm) and vegetation (herbaceous layer) 
characteristics of forest and grassland sites along the studied mountain 
slope.

Variables Forests (n = 35) Grasslands (n = 24)

Mean ± SE CV, 
%

Mean ± SE CV, %

C, g kg−1 73 ± 4 30 162 ± 11*** 32

N, g kg−1 5.1 ± 0.2 28 13.1 ± 0.8*** 31

DOC, μg g−1 127 ± 6 29 206 ± 8*** 19

DTN, μg g−1 59 ± 6 63 95 ± 11** 55

C:N 14.3 ± 0.3 14 12.2 ± 0.2*** 8

pH 5.2 ± 0.1 10 5.0 ± 0.1 7

Temperature, °C 12.3 ± 0.2 10 13.4 ± 0.1*** 5

WC, % 39 ± 1 22 53 ± 2** 20

MBC, μg C g−1 1,883 ± 97 30 4,475 ± 247*** 27

BR, μg C g−1 h−1 2.57 ± 0.18 42 3.62 ± 0.27** 36

β-Glucosidase† 1.28 ± 0.24 112 2.95 ± 0.39*** 64

Chitinase 2.96 ± 0.68 137 7.18 ± 1.53* 104

LAP1 6.71 ± 1.11 98 0.27 ± 0.05*** 83

Coverage, % 18 ± 2 73 94 ± 2*** 9

Graminoids, % 2 ± 1 164 44 ± 5*** 56

Forbs, % 11 ± 2 110 34 ± 3*** 47

Richness 5 54 7 ** 27

Hplant 0.94 ± 0.08 50 1.32 ± 0.08** 31

Values present means ± standard error (SE) with a coefficient of variation (CV); *P ≤ 0.05; 
**0.01; ***0.001 for Welch’s t-test. C, total carbon; N, total nitrogen; DOC, dissolved organic 
carbon; DTN, dissolved total nitrogen; WC, water content; MBC, microbial biomass carbon; 
BR, basal respiration; LAP, leucine aminopeptidase; Richness, number of species;  
Hplant, Shannon–Wiener diversity index. †Unit for enzyme activity is μmol MUF g−1 h−1 
(β-glucosidase, chitinase) or μmol AMC g−1 h−1 (LAP).
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temperature and pH value of forest soils were characterized by 
extremely high variance (allocation of points along axis 2; r2 = 0.64–
0.65), while for grassland soils they were more homogeneous. Equally 
high variation for soil microbial parameters was found within both 
forests and grasslands (Figure 2B). At the same time, soils under these 
vegetation types were separately grouped along axis 1, mainly 
according to MBC content and LAP activity (r2 = 0.76 and 0.59, 
respectively). In terms of herbaceous layer features, forest and 
grassland sites were clearly separated from each other mainly along 
axis 1, which is associated with variations in almost all of the studied 
characteristics (total and forbs projective coverage, number of species, 
Hplant; r2 = 0.60–0.76) (Figure 2C).

3.2. Spatial variation of soil respiration and 
its possible drivers

The RS rate in the forests was, on average, half of that in the 
grasslands, reaching 3.7 and 7.3 μmol CO2 m−1  s−1, respectively 
(Figure 3). Within forests, RS increased significantly in the following 
order: fir < deciduous < mixed forests with average values of 3.0, 3.6 
and 4.6 μmol CO2 m−1  s−1, respectively (p < 0.001 for one-way 
ANOVA). At the same time, RS did not differ between subalpine and 
alpine grasslands with average values of 8.1 and 6.4 μmol CO2 m−1 s−1, 
respectively (p = 0.09 for Welch’s t-test). In general, the spatial variation 
of RS in forests was lower than that in grasslands (CV 28 and 33%, 
respectively).

Difference in RS rate between forests and grasslands was associated 
with their divergence in soil (C, N, DOC, temperature, MBC and 
enzyme activities; R2 = 0.23–0.45, p ≤ 0.001) and vegetation properties 
(coverage and graminoid abundance; R2 = 0.49 and 0.55, p ≤ 0.001) 
(Supplementary Figure S1). Notably, the relationship with vegetation 
were stronger than with soil conditions, indicating its primary role in 
determining RS rate across ecosystem types.

Stepwise regression analysis showed that RS spatial variation in 
forests was best predicted by soil temperature, chitinase activity, and 
species richness of the herbaceous layer (explained variation 29–50%) 
(Table 3). The best predictors for grasslands included chitinase activity 
and graminoid abundance (explained variation 19 and 27%, respectively).

Subsequent path analysis was used to explore the direct or indirect 
effects of the identified predictors on RS spatial variation. For forests, 
soil temperature was included in the path model both as (i) a direct 
factor, due to changing physical components of RS, e.g., gas pressure 
and its diffusive transport throughout pore space, and (ii) an indirect 
factor, acting through the regulation of chitinase activity. The plant 
species richness was considered only as an indirect factor since it 
determines the quality of the organic substrate entering the soil (root 
exudates, above-and below-ground litter), which, in turn, can affect 
chitinase activity. In general, the path model explained 50% of RS 
variation across forest sites (Figure 4A). In turn, soil temperature 
affected RS indirectly through the regulation of chitinase activity. Plant 
species richness did not affect chitinase, showing only a strong 
negative correlation with temperature.

For grasslands, chitinase activity, graminoid abundance, and, 
additionally, C:N ratio as their linking factor (indicated on the base 
correlation among all variables; see Supplementary Table S1) were 
included in the path model. As a result, the proposed model explained 
29% of the RS variation in grasslands (Figure  4B). As expected, 

graminoids affected chitinase activity via changes in the soil C:N ratio. 
However, the significance of direct or indirect effects of graminoids 
and chitinase activity on RS was not confirmed by the model despite 
its overall satisfactory goodness-of-fit. Nevertheless, the largest 
standardized path coefficient (0.41) was found for the direct effect of 
graminoids on RS. This fact can likely explain the more pronounced 
effect of vegetation features on grassland RS variability than soil 
characteristics associated with the microbial decomposition of SOM 
(e.g., chitinase activity).

TABLE 3 Results of stepwise regression for Rs dependence on soil and 
vegetation characteristics in mountain forest and grassland sites.

Variables Forests (n = 35) Grasslands (n = 24)

R2 F-value R2 F-value

C 0.01 0.81 0.02 0.47

N 0.02 1.31 0.01 0.34

DOC 0.00 0.14 0.00 0.01

DTN 0.03 2.31 0.08 1.99

C:N 0.02 1.37 0.11 2.62

pH 0.07 5.03* 0.00 0.03

Temperature 0.45 26.54*** 0.00 0.07

Water content 0.06 4.58 0.04 0.93

MBC 0.03 1.94 0.05 1.44

BR 0.01 0.74 0.07 1.89

β-Glucosidase 0.01 0.73 0.05 1.41

Chitinase 0.50 32.72*** 0.19 5.09*

LAP 0.05 3.37 0.04 1.30

Coverage 0.00 0.09 0.04 1.10

Graminoids 0.01 0.23 0.27 8.19**

Forbs 0.02 0.71 0.01 0.29

Richness 0.29 12.79* 0.01 0.57

Hplant 0.02 0.71 0.02 0.79

For each variable group, the analysis was performed separately. See variable abbreviations in 
Table 2. Bold indicates significant values at *p ≤ 0.05; **0.01; ***0.001.

FIGURE 3

Soil respiration (RS) for mountain forest and grassland sites along 
altitudinal gradient.
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Summarizing the results of all of the analyses performed, one can 
conclude that the spatial changes in RS within mountain forests were 
mainly driven by soil chitinase activity alone, while spatial changes in 
RS in grasslands were associated with graminoid abundance. These 
relationships have been additionally demonstrated using a simple 
regression (Figures 4C,D).

4. Discussion

4.1. Spatial variability of soil respiration in 
mountain forests and meadows

Our results showed a higher RS rate in grasslands than in forests, 
which is consistent with the earlier reported difference between these 
ecosystem types (Raich and Tufekciogul, 2000; Kao and Chang, 2009). 
Meanwhile, intra-ecosystem RS variability was also higher in 
grasslands than in forests (Figure 3), which contradicts both the data 
reported for other mountain regions (Rodeghiero and Cescatti, 2008; 
Darenova et al., 2016) and our first hypothesis. On the one hand, this 
discrepancy can be  attributed to the different time scales of 
measurements and, accordingly, different sources of RS variation. 

Specifically, our data show only the spatial variation in RS at individual 
time points without including its fluctuations during a season or year 
(i.e., combined spatio-temporal variability), unlike that in the above-
mentioned studies. On the other hand, high altitude grasslands adopt 
accelerated photorespiration to complete growth and development 
within a short growing season (Streb and Cornic, 2012). Alpine 
species reach maximum photosynthetic capacity at a wide range of 
light intensity (i.e., 530–3,000 μmol photons m−2 s−1) with a higher 
interspecific variation than in lowland plants (Korner and Diemer, 
1987). This phenomenon, along with a species-specific time lag 
between photosynthesis and root-derived CO2 efflux from soil 
(Kuzyakov and Gavrichkova, 2010), could have caused high spatial 
variability in RS within grasslands in our study.

4.2. Drivers of spatial variability in soil 
respiration in mountain forests and 
meadows

In our study, the drivers of spatial variability in RS were 
fundamentally different between forests and grasslands. In forests, 
both biotic and abiotic factors influenced the spatial variability of 

FIGURE 4

Path models and simple regression revealed the effects of soil (temperature, chitinase activity, C:N ratio) and vegetation factors (species richness, 
graminoid abundance) on RS spatial variability in mountain forests (A,C) and grasslands (B,D). In the path model, numbers within double-headed arrows 
are correlation coefficients between variables, numbers within one-way arrows are standardized path coefficients indicating the size effect of the 
causal relationship among variables (*p ≤ 0.05; **0.01; ***0.001); CFI, comparative fit index; SRMR, standardized root mean square residual.
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RS. A primary biotic driver was soil chitinase activity (Figure 4). The 
chitinase is one of the key enzymes of the C-and N-cycling, 
catalyzing degradation of chitin and peptidoglycan to carbohydrates 
and inorganic N available for soil microorganisms and plants 
(Andersson et  al., 2004). With an increase in the availability of 
substrates for maintenance and growth of microorganisms and 
plants, their enzyme production would diminish, and vice versa 
(Allison et al., 2010). The relationship between chitinase activity 
and RS in forests could be explained by soil N deficiency, which is 
confirmed by significantly low contents of total and dissolved N 
forms, as well as by a high C:N ratio (Table 2). At the same time, the 
N-related enzyme LAP did not affect RS, unlike chitinase (Table 3). 
A reasonable explanation for this finding is that LAP catalyzes the 
hydrolysis of amino acids (Sinsabaugh et al., 2009), which is a less 
important source of N than amino sugars (i.e., chitin) contained in 
microbial necromass (Buckeridge et al., 2022). The main abiotic 
driver of the spatial variability in forest RS was soil temperature, 
which acted indirectly through the regulation of chitinase 
(Figure 4). The lower temperatures stimulate microbial necromass 
accumulation that would decompose primarily with increase in 
temperature, in particular by the chitinase (Bai et al., 2016; Wang 
et al., 2021). Moreover, a dominant portion of microbial necromass 
in forest topsoil is represented by fungi, which is an essential source 
of chitin and other amino sugars (Ni et al., 2020; Wang et al., 2021). 
Accordingly, in our study, a strong relationship between temperature 
and chitinase was found at colder soil conditions in forests 
compared to grasslands (Table 2). Thus, chitinase activity and its 
dependence on biotic and abiotic factors is critically important 
considering the inter-relations between C-and N-cycling in 
forest soils.

In grasslands, spatial variability in RS was related to vegetation 
structure, especially graminoid abundance, rather than chitinase 
activity (Table 3 and Figure 4). Overall, weaker relationships between 
potential drivers and RS in grasslands unlike in forests can be attributed 
to the difference in the heterogeneity of the above-and below-ground 
vegetation structure, biomass, and C allocation. Below-ground C 
allocation of photosynthates in grasslands is high, especially for some 
graminoids (Liu et  al., 2021), which can eventually cause a 
considerable fraction of autotrophic (root-derived) respiration in RS 
(Hanson et  al., 2000). Therefore, the relationship between RS and 
graminoid abundance was the most pronounced in studied grasslands. 
An important role of the vegetation structure and functioning in 
spatial heterogeneity of RS in grasslands was also confirmed by 
previous studies (e.g., Bahn et al., 2008; Fóti et al., 2016). At the same 
time, abiotic factors would be crucial for RS changes at unfavorable 
temperature and water conditions, e.g., in cold and drought periods. 
Therefore, we can expect an enormous variation in the importance of 
a number of spatial drivers of RS depending on season, as earlier 
reported by Shi and colleagues (Shi et  al., 2020) for 
grassland ecosystems.

4.3. Prospects to study and forecast spatial 
variability of soil respiration

Monitoring RS is a complicated task due to its high variability 
in space and time (Rodeghiero and Cescatti, 2008). The spatial 
variation coefficient of RS can also be higher than that of RS temporal 

variation (Rodeghiero and Cescatti, 2008; Jiang et  al., 2020). 
Therefore, the optimization of RS measurements to decrease 
uncertainties caused by spatial factors is an urgent matter. A sample 
size for RS measurements could be  optimized using multiple 
probability simulation (Rodeghiero and Cescatti, 2008). However, 
for such a model, comprehensive information on RS spatial 
variability and its site-specific drivers is needed. Previous studies of 
RS spatial variability were combined with examinations of its 
temporal dynamics (Martin and Bolstad, 2005; Kosugi et al., 2007; 
Luan et al., 2012; Jiang et al., 2020). Under such conditions, spatial 
and temporal variability are overlapped since the measurements for 
different plots by closed chamber methods take several hours to 
even several days (Jiang et al., 2020). Consequently, high temporal 
variability in RS contributes to uncertainty in its spatial variability. 
The most accurate measurements are provided by long-term 
systems for multiplexed soil CO2 flux measurements, which are able 
to evaluate both spatial and temporal flux variations without 
overlapping across a large footprint (LI-COR, 2023). However, this 
measurement system is expensive and difficult to install on steep 
slopes. In our study, we sought to minimize RS temporal variability 
in mountain ecosystems, and thus focused on its spatial variability, 
which makes our research relatively novel for such kinds of field 
experiments. Simultaneous air sampling from closed chambers in 
five ecosystems took approximately 1 h and allowed for the analysis 
of CO2 concentrations on the same day despite the time spent for 
climbing and descent. However, extrapolating our results in time 
should be performed with care because seasonal variability in RS 
was not considered in the current set-up. Nevertheless, splitting the 
drivers for spatial patterns of RS between forests and grasslands 
constitutes a useful integration for C-cycle models (Jackson et al., 
2017). Moreover, projecting our results to the consequences of 
climate change allowed us to assay not only C turnover changes but 
also drivers of its spatial variability at treeline shifts in mountains; 
therefore, further research in this direction appears to be  a 
promising endeavor (Chen et al., 2022).

5. Conclusion

This study provides a comprehensive analysis of vegetation and 
soil factors along the altitudinal gradients to identify potential drivers 
of RS spatial variability. The results have shown principal differences 
in RS spatial patterns and their drivers between forest and grassland 
ecosystems. A higher spatial variability of this process was found in 
grasslands than in forests, which contradicts our first hypothesis. Soil 
microbial activity (i.e., chitinase) contributed greatly to spatial 
variability of RS in forests, while vegetation (graminoid abundance) 
was more considerable factors in grasslands, which fully confirmed 
our second hypothesis. These findings highlighted how CO2 fluxes in 
mountain forest and grassland ecosystems are regulated by a number 
of biotic and abiotic factors, emphasizing the most probable 
mechanisms of mutual regulations of C-and N-cycles.
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The microbiota inhabiting soil plays a significant role in essential life-supporting 
element cycles. Here, we investigated the occurrence of horizontal gene transfer 
(HGT) and established the HGT network of carbon metabolic genes in 764 soil-
borne microbiota genomes. Our study sheds light on the crucial role of HGT 
components in microbiological diversification that could have far-reaching 
implications in understanding how these microbial communities adapt to 
changing environments, ultimately impacting agricultural practices. In the overall 
HGT network of carbon metabolic genes in soil-borne microbiota, a total of 6,770 
nodes and 3,812 edges are present. Among these nodes, phyla Proteobacteria, 
Actinobacteriota, Bacteroidota, and Firmicutes are predominant. Regarding 
specific classes, Actinobacteria, Gammaproteobacteria, Alphaproteobacteria, 
Bacteroidia, Actinomycetia, Betaproteobacteria, and Clostridia are dominant. The 
Kyoto Encyclopedia of Genes and Genomes (KEGG) functional assignments of 
glycosyltransferase (18.5%), glycolysis/gluconeogenesis (8.8%), carbohydrate-
related transporter (7.9%), fatty acid biosynthesis (6.5%), benzoate degradation 
(3.1%) and butanoate metabolism (3.0%) are primarily identified. Glycosyltransferase 
involved in cell wall biosynthesis, glycosylation, and primary/secondary 
metabolism (with 363 HGT entries), ranks first overwhelmingly in the list of most 
frequently identified carbon metabolic HGT enzymes, followed by pimeloyl-
ACP methyl ester carboxylesterase, alcohol dehydrogenase, and 3-oxoacyl-
ACP reductase. Such HGT events mainly occur in the peripheral functions of the 
carbon metabolic pathway instead of the core section. The inter-microbe HGT 
genetic traits in soil-borne microbiota genetic sequences that we recognized, as 
well as their involvement in the metabolism and regulation processes of carbon 
organic, suggest a pervasive and substantial effect of HGT on the evolution of 
microbes.
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1. Introduction

Microorganisms are the foundation of the Earth’s biosphere and 
play an integral and unique role in various ecological processes and 
functions, where they interact to form complex functional networks 
(Zhou et al., 2010). Soil is an important component of the global 
carbon cycle and is critical to climate change mitigation. Almost all 
life on Earth cannot leave the living soils, which emphasizes the 
significance of soil-borne microbiota for essential life-supporting 
processes (e.g., carbon and nitrogen cycling). The soil organic carbon 
(SOC) reservoir (about 1,500 Gt) is supposed to be greater than the 
sum of the carbon stocks in the air and global flora (about 560 Gt) 
(van Elsas, 2019; Jassey et  al., 2022). Microorganisms have much 
higher growth rates and carbon turnover rates than plants. The size of 
the soil organic carbon pool depends to a large extent on 
microorganisms, as their growth and activity balance the accumulation 
of organic carbon and its release through the decomposition of plant 
die-offs. Soil-borne microbes control the kinetics of soil carbon 
transformation by converting carbon from plants, incorporating 
carbon resources to increase biomass, and breaking down terrestrial 
organic compounds. For instance, strong biological methane-
oxidizing activities in agricultural soils can lead to the emissions of 
biogenic CO2 linked to CH4 oxidation by a large biodiversity of 
methanotrophs (Cappelletti et al., 2016). Globally, soil algae absorb 
about 3.6 Pg of carbon per year, which is 6.4% of annual terrestrial net 
primary productivity (NPP) and equivalent to 31% of global 
anthropogenic carbon emissions (Jassey et  al., 2022). Soil-borne 
microflora is not only dynamic temporally but also varied 
geographically. As a result, fluctuations in the activities and quantity 
of the communities that constitute such soil-borne microflora are 
frequently seen (Fierer, 2017). The heterogeneity in soil-borne 
microbiota composition is primarily caused by the spatial 
heterogeneity of amounts and concentrations of, for example, 
nutrition, mineral resources, pH, and moisture in the soil mass (Fierer, 
2017; van Elsas, 2019), as well as shaped by genetic recombination and 
gene-specific selection processes (Crits-Christoph et  al., 2020). 
Besides, the carbon resource abundance and diversity in soil have 
been proven to correlate the ecological certainty during the bio-control 
of microbe-induced plant disease (Zhou et al., 2023).

Horizontal gene transfer (HGT), or the interchange of genetic 
material across phylogenetic clades, is thought to be  an efficient 
strategy for dispersing reproductive fitness for prokaryotic and 
eukaryotic cells (Huang, 2013; Daubin and Szöllősi, 2016; Li et al., 
2022). Employing transmitting mobile genetic elements (MGEs) like 
plasmids, viruses, transposons, and gene transfer agents (GTA, tailed 
phage-like entities capable of packing and transferring random pieces 
of the host genome) as well as by direct absorption and assimilation 
of naked DNA by homologous or unauthorized recombination, new 
genes are transferred through HGT (Thomas and Nielsen, 2005; Lang 
and Beatty, 2007). As a result, the origins of specific genes within a 
particular species can vary, and patterns of gene exchange between 
near and remotely affiliated lineages can be seen on various genomes 
(Gogarten et al., 2002; Koonin, 2005; Kunin et al., 2005). HGT is 
commonly described based on contradicting phylogenetic trees upon 
genomic comparison (Delsuc et al., 2005; Li et al., 2019). In recent 
decades, the evolution and HGT processes of genetic traits have been 
investigated in a variety of ecosystems, where multiple factors (e.g., 
environmental conditions, ancestral genome sizes) might have 

influenced the frequency of HGT during evolution (Huang, 2013; 
Daubin and Szöllősi, 2016; Li et al., 2022). Stable HGT flux induced 
under selection was also suggested to enhance microbial interplay’s 
structural stability and thereby maintain microbial communities’ 
equilibrium (Fan et al., 2018). For instance, it was reported that 9.6% 
of the genes within a prokaryotic genome were recently acquired on 
average (Kloesges et al., 2011), while in E. coli 18% of genes were 
recently acquired via HGT (Lawrence and Ochman, 2002), and in 
Rickettsiales 25% of core genes were recently transferred (Hernández-
López et al., 2013).

Even though the terrestrial area is a continually fluctuating and 
difficult place (Fierer, 2017), factors like limited nutritional and ion 
intensities that endorse competency, clay deposits that sustain the 
perseverance of bacteriophages and naked DNA, and the capacity of 
subsoil microbes to aggregate for genetic exchange suggest that HGT 
processes could be performing in this globalized context. Consistently, 
the transmission of antibiotic-resistance genes in the soil via MGEs 
(e.g., bacteriophage) has been highlighted as a public concern (Gallo 
et al., 2019; Zhang et al., 2022). Besides, soil is stratified geographically 
and varied physiologically and biologically on various dimensions, 
which offers a unique habitat for microbiota of diverse background. 
Many agronomic factors, such as pH, saltiness, warmth, and humidity, 
influence the organization of the microbiota inside the complicated 
soil-borne biomass (Frindte et al., 2019). The microscopic society’s 
shape and function in soils could also be  influenced by temporal 
changes such as meteorological conditions, rhizosphere exudation, as 
well as other periodical supplies of plant organic matter (Zheng et al., 
2019; Chernov and Zhelezova, 2020). In natural soil settings, the first 
investigative research on HGT among microorganisms was conducted 
in the 1970s (Weinberg and Stotzky, 1972; Graham and Istock, 1978). 
Since then, further investigations have employed fieldwork and 
microcosm experiments to evaluate ecological HGT (van Elsas et al., 
2006). Plant-associated soils and biofilm communities are well-known 
hotspots for HGT due to the great genetic variety on such a restricted 
geographical level (Fan et al., 2018). It was found that the genetic 
factors in HGT are more abundant in the rhizosphere than in bulk 
soil, therefore HGT may aid in the development of rhizosphere 
competence (Vieira et al., 2020). Previous bipartite network analyses 
have provided evidence of genetic exchange, plasmid fusion and 
fission, exogenetic plasmid transfer, and environmental adaptation of 
the soil bacteria such as Rhizobium (Corel et al., 2018; Li L. et al., 2020; 
Li X. et al., 2020). In addition, plasmid transmission from transplanted 
P. fluorescens to native gram-negative rhizobacteria in soil has been 
proven to happen in natural settings (Balthazar et al., 2021).

Many terrestrial subterranean microbes have also been found to 
contain MGEs, and some of them have already shown conjugative 
activity in a lab environment or even in bulk soil. Solitary (Feng et al., 
2007) or multiple (Brockman et al., 1989) plasmids could be present 
in subterranean isolates, with big plasmids that are more apt to own 
recombinant functionality seeming to predominate (Fredrickson 
et al., 1988). Microorganisms buried deeper underground have been 
shown to harbor extremely large (>150 kb) conjugative plasmids at a 
higher rate than microorganisms from shallower subsurface soils 
(Ogunseitan et al., 1987; Fredrickson et al., 1988). Degradative genetic 
determinants are commonly found in subsurface large plasmids, 
which significantly increase the host’s metabolism adaptability 
(Romine et  al., 1999; Basta et  al., 2004). Elements similar to 
recombinases are also present in several accessible plasmids, implying 
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the possibility of incorporation and excision from the soil microbial 
genome (Romine et  al., 1999). Among the sequenced soil subsoil 
genomes, G. thermodenitrificans was discovered to match 11 and 3% 
of its genetic makeup with Bacillus sp. and other Firmicutes, 
respectively. Around 2.7% of the genes in G. thermodenitrificans 
NG80-2 exclusively occur in distant relatives and may have undergone 
HGT. This includes two groups of proteins associated with nitrogen 
use that seem to have originated separately. The addition of such genes 
and the catabolic plasmid pLW1071 has significantly improved the 
metabolic adaptability in nutrient-poor conditions (Feng et al., 2007). 
Furthermore, the introduction of MGEs into synthesized microbial 
communities (SynComs) was considered an effective way for 
manipulating the microbial community for applicable purposes (e.g., 
carbon storage) (Song et al., 2014; Tsoi et al., 2019; de Lorenzo, 2022).

Yet, unlike simple bacterial mixes in a lab, the complexities of 
HGT mechanisms in wild areas, including the heavily heterogeneous 
populations, still need to be fully deciphered. In situ critical cellular 
events, additional chemical triggers for genetic exchange or 
absorption, and natural factors like cell-MGE interactions are 
examples of the complexities. In addition, there needs to be more 
focus on the environmental implications, such as how these HGT 
activities affect microbial communities’ capacity to adapt to wild 
areas, and how these HGT mechanisms reflect the features of the 
particular ecosystem. Though there is a growing interest in 
elucidating the underlying microbial mechanisms driving soil 
carbon transformation, stabilization, and release processes, many 
unknowns remain. Nonetheless, many earlier studies mainly 
concentrated on HGT episodes of particular lineages and on 
significant issues such as adaption-associated processes (Li et al., 
2019; Li L. et al., 2020; Li X. et al., 2020; Li et al., 2021). Regardless 
of these efforts, there is so much to be learned in a holistic mode 
about the quantity and effects of HGT-driven genetic makeup in 
soil-borne microbiota that can confer a variety of carbon 
assimilation and dissimilation functions (e.g., central carbon cycles, 
fatty acid biosynthesis). This poses significant challenges to 
understanding gene flow in terrestrial microbial communities. As a 
result, it remains to be  seen whether there are inter-microbe 
HGT(s) that have promoted the development of soil-borne 
microbiota in a variety of conditions. If these HGT markers exist, 
how do they work to counteract environmental stressors, and how 
widely disseminated are these markers throughout the genetic 
material of soil-borne microbiota?

A variety of natural systems, including protein expression (Alon, 
2007), biochemical processes (Pál et al., 2005), biomolecule interplay 
(Jeong et al., 2001), contradicting evolutionary indications (Huson 
and Bryant, 2006), and ecosystem dynamics (Rezende et al., 2007), are 
being modeled using network infrastructure (Proulx et al., 2005). In 
theory, the network is capable of better displaying the patterns of 
microbial genomic evolution (Doolittle and Bapteste, 2007). HGT 
networks are a distinctive form of sharing gene networks. They are 
intended to investigate trends in genetic dispersion brought on by 
HGT throughout ecological evolution.

Under this context, we performed BLASTP-driven screenings and 
HGT network constructions to discover and investigate potential 
inter-microbe HGT genes linked to carbon metabolism throughout 
genomic sequences of all accessible strains isolated from soils, 
followed by network constructions. Our results suggested that the 
HGT episodes may significantly contribute to genetic imports that 

contribute to the soil-borne microbiota’s increased carbon metabolic 
versatility and adaptivity. Our knowledge of microbial interplay and 
the adaptable development of microbes to deal with various situations 
have therefore been enhanced as a result of this work. However, 
further experimental work is still necessary to evaluate the occurrence 
of HGT in the vast and unexplored environment of the 
terrestrial subsurface.

2. Results

2.1. Overall statues

We first queried and retrieved all the items in the public database 
(Genbank/IMG) with the keyword “soil” within the “biosample” or 
“habitat” regions. We then chose and downloaded from the public 
database (Genbank/IMG) the out-coming high-quality genomes of 
soil microbial isolates (n = 764, see Supplementary Table S1 for details 
at https://doi.org/10.6084/m9.figshare.22154828.v1) for downstream 
analyses. Putative microbial horizontally transferred genes (HTGs) in 
these genomes were identified employing the BLASTP-based IMGAP 
pipeline under default mode (Markowitz et al., 2010), which resulted 
in a total of 37,481 HTG entries, followed by manual pickup of HTGs 
that are related to carbon metabolism. These processes eventually 
produce a total of 4,554 HTG entries related to carbon metabolism, as 
listed in Supplementary Table S2 at https://doi.org/10.6084/
m9.figshare.22154828.v1.

The significance of HGT to biological diversification could 
be  better understood through a network study of gene patterns 
amongst genomes. A directed phylogenomic network can be built 
using HGT inference techniques that consider the provider and 
receptor of the lateral gene delivery event (Popa et al., 2011). Similar 
to the methods used in previous work (Beiko et  al., 2005), 
we established the phylogenomic HGT networks of carbon metabolic 
genes in soil-borne microbiota using HGT occurrences predicted to 
examine the HGT component within microbiological diversification 
(Figure 1). A baseline species (tested genomes) evolutionary tree’s 
exterior and internal nodes make up the HGT network’s vertex. 
Between the nodes, edges in the network refer to alleged gene transfer 
occurrences. If a gene relative is transferred across the nodes through 
a suspected HGT episode, these nodes are interconnected in the HGT 
networks. The HGT network’s edge weight is correlated with the 
amount of horizontally shared genes. Clusters are formed when 
specific subgroups of organisms have stronger connections among 
themselves than with other factions in the networks (Guimerà and 
Nunes Amaral, 2005; Gallos et al., 2007).

In the overall HGT network of carbon metabolic genes in soil-
borne microbiota, a total of 6,770 nodes and 3,812 edges are present 
(Figure  1). Among the nodes, phyla Proteobacteria (34.65%), 
Actinobacteriota (26.68%), Bacteroidota (9.28%), and Firmicutes 
(7.89%) are predominant, followed by Cyanobacteria (1.54%) and 
Ascomycota (1.30%). Regarding specific classes, Actinobacteria 
(26.26%), Gammaproteobacteria (16.1%), Alphaproteobacteria 
(14.15%), Bacteroidia (7.42%), Actinomycetia (6%), 
Betaproteobacteria (4.08%), Clostridia (3.31%), and Bacili (3.25%) are 
dominant in the overall HGT network of carbon metabolic genes. The 
average path length (the average of the shortest route between any two 
nodes in the network) of the total HGT network is 1.55, indicating 
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that the related carbon metabolic genes could be easily and rapidly 
transported through tested soil-borne microbiota. The HGT network’s 
thickest (weight > = 5) edges are mainly formed by cross-domain HGT 
events from archaeal phylum Haloarchaea to Bacteria (26/36 entries, 
74.3%), with HGT from Methanosarcina acetivorans C2A 
(Haloarchaea) to Streptomyces yangpuensis fd2-tb (Actinobacteriota) 
having the highest HGT frequency (n = 14) (see Supplementary Table 
S3 at https://doi.org/10.6084/m9.figshare.22154828.v1). The chimeric 
nature and high externalization rate (especially on carbohydrate 
biosynthesis genes) of Haloarchaea have been highlighted previously 
(Galagan et  al., 2002; Nelson-Sathi et  al., 2012; Garushyants 
et al., 2015).

In Kyoto Encyclopedia of Genes and Genomes (KEGG) functional 
assignments, glycosyltransferases (18.5%), glycolysis/gluconeogenesis 
(8.8%), carbohydrate-related transporters (7.9%), fatty acid 
biosynthesis (6.5%), benzoate degradation (3.1%), and butanoate 
metabolism (3.0%) are most frequently identified (Figure 2). These 
results suggest that soil-borne microbiota is involved in a range of 
carbon metabolic processes, particularly those related to the 
breakdown and transportation of carbohydrates and fatty acids. This 
may have important implications for soil health and 
ecosystem function.

We then used two classical network centralities, degree and 
betweenness, to examine what taxonomic groups are holding and 
shaping the HGT network (see Supplementary Tables S4, S5 at https://
doi.org/10.6084/m9.figshare.22154828.v1). The most commonly used 
centrality measurement, degree, counts the edges that link a specific 
node. In a directed graph, the arrows are directional, pointing from one 
node (HGT donor) to another (HGT acceptor), so the number of arrows 
pointing to each node is its entry degree. In contrast, the number of 
arrows pointing away from this node is its outgoing degree. Of the top 30 
nodes having the highest degree values (>25), class Actinomycetia 
occupies the most (43.2%) of these nodes (see Supplementary Table S4 
at https://doi.org/10.6084/m9.figshare.22154828.v1), followed by classes 
Deltaproteobacteria (13.3%) and Betaproteobacteria (13.3%). In 

comparison, most other nodes (92.5%) in the overall HGT network of 
carbon metabolic genes in soil-borne microbiota display a degree value 
<5. In particular, the highest degree values in correspondent classes were 
seen in the genomes of Kribbella soli VKM Ac-2,540 (98, Actinomycetia), 
Anaeromyxobacter sp. Red232 (55, Deltaproteobacteria), Paenibacillus 
piri MS74 (41, Bacilli), Pseudoduganella violaceinigra DSM 15887(36, 
Betaproteobacteria), and Pyrinomonas methylaliphatogenes K22 (35, 
Blastocatellia).

Another centrality measurement, betweenness, measures how 
frequently a specific node is located on the shortest path possible between 
any pair of nodes within the network. Nodes with large betweenness 
centralities act as essential reservoirs or communicators for the common-
good genetic codes. Of the top 30 nodes having the highest betweenness 
centrality values (>20) in the overall HGT network of carbon metabolic 
genes in soil-borne microbiota (see Supplementary Table S5 at https://
doi.org/10.6084/m9.figshare.22154828.v1), class Actinomycetia also 
occupies most (60.0%) of these nodes, followed by class 
Deltaproteobacteria (10.0%). Primarily exhibiting the highest 
betweenness centrality values in correspondent classes are genomes of 
Jiangella anatolica GTF31 (558, Actinomycetia), Pyrinomonas 
methylaliphatogenes K22 (195.5, Blastocatellia), Saccharicrinis fermentans 
DSM 9555 (168, Bacteroidia), Methylovulum miyakonense HT12 (89, 
Gammaproteobacteria), and Nitrosospira multiformis ATCC 25196 (60.5, 
Betaproteobacteria). In comparison, most other nodes (98.2%) in the 
overall HGT network of carbon metabolic genes in soil-borne microbiota 
display a betweenness centrality value <5. On the other hand, nodes that 
display lower betweenness centralities either occupy peripheral positions 
in the network or form their linked constituents.

We further investigated the network’s community composition by 
segmenting it into sub-network according to the major phyla present 
in the overall HGT network (Figure 3). The sub-networks were created 
by extracting corresponding taxonomic (e.g., Proteobacteria) nodes 
acting as HGT donors and acceptors, respectively, as well as extracting 
their direct edges (Figure 3A). The donor and acceptor sub-networks 
of the same phyla generally exhibited similar network properties in 

FIGURE 1

An overall directed horizontal gene transfer (HGT) network of carbon metabolic genes harbored by the soil-borne microbiota. Nodes represent 
genomes of species. The colors are marked according to the node’s taxonomy (left, phylum; right, class). The edges represent HGT events and are 
directed from the donor to the recipient.
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comparison (Table  1). The same possesses for sub-network 
construction were applied to nodes of phyla Actinobacteria and 
Bacteroidota (Figures 3B,C).

In the sub-network that Proteobacteria members act as HGT 
donors (Figure 3A, left), Actinomycetia (4.51%) and Bacili (1.13%) are 
the most frequently observed classes outside the phyla Proteobacteria, 
indicating that classes Actinomycetia and Bacili are the major cross-
phylum recipients of the genetic goods carried by Proteobacteria; 
whereas in the sub-network where Proteobacteria acting as HGT 
acceptor (Figure 3A, right), Actinobacteria (7.39%) and Bacteroidia 
(3.5%) are the most frequently observed classes outside the phyla 

Proteobacteria, suggesting that classes Actinobacteria and Bacteroidia 
are major cross-phylum donors of carbon metabolic genes 
to Proteobacteria.

Secondly, in the sub-network that Actinobacteriota members act 
as HGT donors (Figure  3B, left), Betaproteobacteria (1.61%), 
Deltaproteobacteria (1.44%), and Alphaproteobacteria (1.02%) the 
most frequently observed classes outside the phyla Actinobacteriota, 
indicating that these classes are the primary cross-phylum recipients 
of the genetic goods carried by Actinobacteriota; whereas in the 
sub-network where Actinobacteriota acting as HGT acceptor 
(Figure  3B, right), Alphaproteobacteria (7.16%), superior to 

FIGURE 2

Sankey diagram showing the distribution of donor taxa, recipient taxa, and function categories of carbon metabolic genes within the soil-borne 
microbiota HGT network, with edge thickness and proportion indicating the relative frequency of transfer events.
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FIGURE 3

The sub-networks created by extracting corresponding taxonomic (e.g., Proteobacteria) nodes acting as HGT donors and acceptors, respectively, as 
well as extracting their direct edges according to the major phyla present in the overall HGT network: (A) Proteobacteria; (B) Actinobacteriota; 
(C) Bacteroidota. Nodes represent genomes of species. The edges represent HGT events and are directed from the donor to the recipient. The colors 
are marked according to the node’s taxonomy.
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Gammaproteobacteria (6.18%), and Betaproteobacteria (1.21%), 
stands for the most frequently observed classes outside the phyla 
Actinobacteriota, which indicates that classes from Proteobacteria like 
Alphaproteobacteria are major cross-phylum donors of carbon 
metabolic genes to Actinobacteriota.

Lastly, in the sub-network where Bacteroidota members act as 
HGT donors (Figure  3C, left), Deltaproteobacteria (2.84%), 
Betaproteobacteria (1.99%), and Alphaproteobacteria (1.99%) are 
the most frequently observed classes outside the phyla Bacteroidota, 
indicating that these classes are the major cross-phylum recipients 
of the genetic goods carried by Bacteroidota; whereas in the 
sub-network where Bacteroidota acting as HGT acceptor 
(Figure  3C, right), Gammaproteobacteria (6.73%), 
Alphaproteobacteria (3.51%), and Bacilli (2.5%) are the most 
frequently observed classes outside the phyla Bacteroidota, 
suggesting that these classes are major cross-phylum donors of 
carbon metabolic genes to Bacteroidota.

Network properties such as the node number, edge number, 
average (weighted) degree, as well as average path length were higher 
in the “acceptor” network than in the “donor” one in the corresponding 
networks of Proteobacteria and Actinobacteria, respectively. While 
the connector component (number of subgraphs in which each pair 
of nodes is connected) shows the opposite trend (higher in the 
“acceptor”). Average eigenvector centralities (that measure the 
transitive influence of nodes) decline from the Proteobacteria network 
to that of Actinobacteria, and, finally, Bacteroidota. Other network 
properties like modularity (measuring the structural strength and 
density of a network community) show only slight variations among 
groups (Table 1).

2.2. Carbon metabolic functions

We further created sub-networks that extracted HGT events 
(edges) corresponding to specific carbon metabolic functions (e.g., 
core carbon metabolic pathway, fatty acid biosynthesis) and nodes 
acting as HGT donors and acceptors, respectively, as well as extracting 
their direct edges (Figure 4).

In the sub-network reflecting HGT episodes of core carbon 
metabolism (700 edges/genes, 882 nodes/genomes), genes attributed 
to pathways of glycolysis/gluconeogenesis (10.14%), butanoate 
metabolism (7.29%), pyruvate metabolism (7.29%), and galactose 
metabolism (7.00%) are predominant. Microbial classes 
Actinobacteria (27.66%), Gammaproteobacteria (13.83%), and 
Alphaproteobacteria (12.59%) are mostly seen (Figure 4A).

Alcohol dehydrogenase that metabolizes alcoholic substances 
(with 230 entries) is dominant in the current sub-network of core 
carbon metabolism (Figure 4A, marked with red rectangles) and ranks 
third in the list of most frequently identified carbon-metabolism-
related horizontal transferred gene (HTG) from the soil-borne 
microbiota (see Supplementary Table S2 at https://doi.org/10.6084/
m9.figshare.22154828.v1). Alcohol dehydrogenase exhibits a wide 
range of substrate specificity additionally, oxidizing mainly primary 
and secondary aliphatic alcohols when utilizingNAD+ as a 
co-substrate. It is also able to reduce aldehydes and ketones (Tsigos 
et al., 1998). Accordingly, HGT of alcohol dehydrogenase genes from 
prokaryotes and unicellular eukaryotes was also reported previously 
(Espinosa and Paz-Y-Miño-C, 2012; McCarthy and Fitzpatrick, 2016).T
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We further extracted the sub-networks of butanoate metabolism 
(53 edges, 88 nodes). In the sub-network, HGT genes encoding 
acetolactate synthase (28.3%), succinate-semialdehyde dehydrogenase 
(22.64%), and 3-hydroxybutyryl-CoA dehydrogenase (9.43%) are 
predominant. Microbial classes Actinobacteria (26.14%), 
Actinomycetia (21.59%), and Alphaproteobacteria (13.64%) are 
mostly seen (Figure 4B).

Likewise, in the sub-network reflecting HGT episodes of 
lipid metabolism (374 edges, 543 nodes), genes attributed to 
fatty acid biosynthesis (28.88%), primary bile acid biosynthesis 
(2.94%), and fatty acid degradation (2.67%) are predominant. 
Microbial classes Actinobacteria (29.65%), Alphaproteobacteria 
(15.47%), Actinomycetia (14.0%), Gammaproteobacteria 
(9.02%), and Betaproteobacteria (7.73%) are mostly seen at the 
same time (Figure 4C).

Unexpectedly, the pimeloyl-ACP methyl ester carboxylesterase 
(with 231 entries) is dominant in the current sub-network of lipid 
metabolism (Figure 4C, marked with red rectangles) and ranks second 
in the list of most frequently identified carbon-metabolism-related 
HTGs from the soil-borne microbiota (see Supplementary Table S2 
at https://doi.org/10.6084/m9.figshare.22154828.v1). Pimeloyl-ACP 

methyl ester carboxylesterase catalyzes the hydrolysis of the ester 
bonds of pimeloyl-ACP esters that allow the synthesis of pimeloyl-ACP 
via the fatty acid synthetic pathway (Lin et al., 2010). Previous reports 
have also found pimeloyl-ACP methyl ester carboxylesterase located 
in MGEs, such as the plasmids of the psychrotolerant Polaromonas 
spp. isolated from Arctic and Antarctic glaciers (Ciok et al., 2018). It 
follows that 3-oxoacyl-ACP reductase (FabG) (with 74 entries) ranks 
third in the list of most frequently identified carbon-metabolism-
related HTG from the soil-borne microbiota (see Supplementary 
Table S2 at https://doi.org/10.6084/m9.figshare.22154828.v1). FabG is 
the key enzyme directly responsible for the synthesis of 3-hydroxyacyl-
ACPs in the fatty acid synthesis elongation cycle (Yu et al., 2019). As 
shown in previous studies, FabG has also been frequently observed in 
mobile genetic elements, like the plasmids of plant growth-promoting 
bacteria Azospirillum brasilense (Yu et  al., 2019), and the plastid 
genomes of Eustigmatophyte Algae (Ševcíková et al., 2019).

Similarly, in the sub-network reflecting HGT episodes of 
xenobiotics biodegradation and metabolism (374 edges, 543 nodes), 
genes attributed to benzoate degradation (47.71%), chloroalkane/
chloroalkene degradation (11.93%), steroid degradation (9.17%), 
fluorobenzoate degradation (7.34%), dioxin degradation (6.42%), and 

FIGURE 4

The sub-networks created by extracting HGT events (edges) corresponding to specific carbon metabolic functions: (A) core carbon metabolism; 
(B) butanoate metabolism; (C) lipid metabolism; (D) xenobiotics biodegradation and metabolism; (E) glycosyltransferase; (F) transport protein family. 
Nodes represent genomes of species. The edges represent HGT events and are directed from the donor to the recipient.
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toluene degradation (6.42%) are predominant. At the same time, 
microbial classes Actinomycetia (19.07%), Actinobacteria (18.56%), 
Gammaproteobacteria (15.98%), Alphaproteobacteria (14.43%), and 
Betaproteobacteria (10.31%) are mostly observed (Figure 4D).

Regarding specific protein families, glycosyltransferase family 
(with 363 HGT entries) ranks first overwhelmingly in the list of most 
frequently identified carbon-metabolism-related HGT enzymes from 
the soil-borne microbiota (see Supplementary Table S2 at https://doi.
org/10.6084/m9.figshare.22154828.v1). While microbial classes 
Gammaproteobacteria (14.37%), Actinobacteria (9.58%), 
Alphaproteobacteria (9.58%), Actinomycetia (8.54%), Bacteroidia, 
(8.12%), Betaproteobacteria (6.04%), and Bacilli (5.42%) are mostly 
observed to encode glycosyltransferase (Figure 4E). Glycosyltransferase 
is capable of catalyzing the sequential transfer of glycosyl moieties to 
the undecaprenyl phosphate carrier lipid during the early steps of 
polysaccharide synthesis, as well as various other acceptors like 
proteins, nucleic acid, and secondary metabolites (Garrison-Schilling 
et  al., 2014; Zhang et  al., 2020). Glycosyltransferase complexes are 
known to be involved in cell wall biosynthesis, protein glycosylation, 
and primary and secondary metabolism in both microbes and plants 
(Chang et al., 2003; Harholt et al., 2012), whose vital roles in enhancing 
metabolic flexibility and adaptive advantages might have endorsed the 
frequent HGT-driven expansions of glycosyltransferase across 
microbial species. Bacterial and viral glycosyltransferases determine 
their surface chemistry, influencing the interplay with their hosts (Brew 
et al., 2010). Our finding is also in line with previous investigations, 
which have found glycosyltransferase in Rickettsial plasmids (El et al., 
2016). Also, the vascular wilt fungus Verticillium acquired 
glycosyltransferase involved in the synthesis of extracellular glucans by 
HGT from Proteobacteria (Lacroix and Citovsky, 2016). Besides, 
glycosyltransferase operons acquired via HGT were found to modify 
the O-antigen in Salmonella enterica serovar Typhi (Kintz et al., 2017).

Transport protein families (124 edges, 191 nodes) of organic 
carbon compounds were also visualized by sub-network creation 
(Figure 4F). In the sub-network, genes attributed to multiple sugar 
transport system (38.71%), raffinose/stachyose/melibiose transport 
system (16.13%), and lipopolysaccharide transport system (12.91%) 
are predominant. At the same time, microbial classes Actinobacteria 
(24.08%), Actinomycetia (13.61%), Gammaproteobacteria (9.42%), 
Alphaproteobacteria (8.90%), Betaproteobacteria (7.33%), and 
Clostridia (6.81%) are mostly observed to encode the transporters.

Also, there are other specific carbon metabolic enzymes enriched 
in the HGT network (see Supplementary Table S2 at https://doi.
org/10.6084/m9.figshare.22154828.v1), such as beta-lactamase family 
enzymes (159 entries) that degrade multiple metabolites (e.g., 
antibiotics) for the use of the substrates as nutrients or carbon sources 
(Graham et al., 2016; Crofts et al., 2018; Maatouk et al., 2022), catechol 
2,3-dioxygenase-like lactoylglutathione lyase (54 entries,COG0346) 
that could enable the degradation of phenol or lignin (Hupert-
Kocurek et al., 2012), 2-polyprenyl-6-methoxyphenol hydroxylase (53 
entries,COG0654) involved in the aerobic degradation of aromatic 
compounds (Trias et al., 2017) as well as quinol monooxygenase YgiN 
(34 entries) related to aerobic redox and physiology. Mapping these 
HTGs of carbon metabolism onto the correspondent KEGG pathways 
showed that most HTGs locate on the fringe of the metabolic cycles, 
and the core carbon metabolic sections rarely transfer 
(see  Supplementary Figures S1–S5 at https://doi.org/10.6084/
m9.figshare.22154828.v1).

3. Discussion

An editorial in the journal Science has advocated that more 
thorough investigations be  conducted into the appearance and 
mechanics of HGT episodes (“Why does lateral transfer occur in so 
many species and how?”) (American Association for the Advancement 
of Science, 2005). We thoughtfully evaluated that the current study 
could have provided several suggestions for this subject.

A variety of soil-borne carbon-cycle HGT events of cross-class and 
even cross-phylum levels were discovered with considerably high 
transfer frequency (Figure  1). The constructed HGT networks 
demonstrate that genetic exchange across microbial genera is a 
significant contributor to microorganisms’ biodiversity and adaptivity. 
The characteristic of a “small-world system” found in previous HGT 
networks was also observed in our study, which refers to a network that 
has a small diameter in terms of the number of nodes and a handful of 
strongly linked nodes that allow for flux to flow across the system 
(Proulx et al., 2005). A small-world architecture in the HGT network 
indicates that significantly advantageous genes that arise in any 
microbe could transcend taxonomic boundaries and stretch another 
microbe through a limited amount of HGT episodes, where genomes 
with high betweenness can act as a link between otherwise unconnected 
parts of the network and transfer genes to numerous other genomes in 
the ecosystem with a small number of genetic transactions. Similarly, 
a recent study also found that the HGT rate was increased in organisms 
with similar ecological distributions (Zhou et al., 2021). Besides, the 
observed variations in network properties (Table 1) may have multiple 
implications for HGT events, highlighting the importance of 
understanding network dynamics in studying HGT events (Kunin 
et al., 2005; Kloesges et al., 2011; Popa et al., 2011; Li L. et al., 2020; Li 
X. et al., 2020). For example, a higher number of nodes and edges in 
the “acceptor” network may indicate a greater potential for gene 
transfer due to more opportunities for contact between bacteria. 
Similarly, higher degrees or connector components may create more 
interconnectedness amongst bacterial populations and facilitate the 
spread of genetic material. On the other hand, a longer average path 
length between nodes in a network may reduce the likelihood of gene 
transfer, as the distance between two bacteria would be higher and the 
chance of interaction would be  lower. Moreover, differences in 
eigenvector centralities among network groups may illustrate the 
presence of influential nodes--nodes with high centrality values that 
may play significant roles in mediating gene transfer. Modularity can 
also impact the strength and density of community structures within a 
network, potentially creating barriers or pathways for gene transfer.

The phylum Proteobacteria was the most abundant taxon in soil 
samples, accounting for an average of 30% of metagenomic sequences 
(Guo et al., 2018). In keeping with this, our study found that nodes of 
classes, including Actinobacteria as well as Proteobacteria classes, such 
as Alphaproteobacteria and Gammaproteobacteria are extensively 
present in our overall HGT network of carbon metabolism (Figure 1), 
implying that HGT is widespread during the evolution of species in these 
classes. However, the sampling density of sequenced microbial genomes 
might be  biased toward Proteobacteria, since the predominance of 
Proteobacteria in the genome dataset might be  responsible for the 
enormous rate of HGTs within this group. Previous studies have 
confirmed that Proteobacterial MGEs constitute the major connected 
component in the virulence network, and extensive gene sharing exists 
among Actinobacteria and Gammaproteobacteria (Tamminen et al., 
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2012; Jiang et  al., 2017). Previous studies have also validated 
experimentally the possibility of MGE-mediated HGT in soil samples, 
in which plasmids from the donor strains Psudomonas putida KT2440, 
Escherichia coli MG1655, and Kluyvera sp. can be transferred to a wide 
range of bacterial phyla from agricultural soils (Klümper et al., 2015), 
including (α–ε) Proteobacteria, Acidobacteria. Actinobacteria, 
Bacteroidetes, Firmicutes, Fusobacter, Gemmatimonadetes, 
Planctomyces, spirochaetes, Candidate division TM7, Verrucomicrobia 
as well as Eukaryote (Zhang et al., 2015).

Externalized genes carried by MGEs could act as containers for the 
shared genetic pool (Norman et  al., 2009). In our study, uneven 
functional distributions of the externalized gene are also discovered, in 
which HTGs are mostly incorporated into the peripheral functions of 
the carbon metabolic pathway (e.g., nutrient transport and dispensable 
reaction). In contrast, the core metabolic sections (e.g., intermediate 
reactions and biomass production) of putative competent significance 
are mostly evolutionarily unvaried (see Supplementary Figures S1–S5 
at https://doi.org/10.6084/m9.figshare.22154828.v1). Similar findings 
were also reported previously. For example, according to research on 
the horizontally gained genes within the E. coli metabolic pathways (Pál 
et al., 2005), HGT is more common among proteins engaged in the 
absorption and consumption of resources than those responsible for 
the generation of biomass, which suggested that their function 
influences the HGT probability of metabolic genes in the internal 
metabolic pathway. This uneven functional distribution could also 
be explained by the “complexity hypothesis” (Jain et al., 1999; Muller 
et al., 2018), which proposed that proteins in a complicated system, like 
ribosomal systems or core metabolic cycles, are specialized to work. 
Decreased adaptation of the microbial recipients will arise from an 
HGT incidence that leads to substituting such a gene with a less-suited 
counterpart. The proportional influence of functionality type and the 
number of interactive participants on HGT incidence was also 
investigated, demonstrating that the “complexity theory” still holds up 
in the genome-scale analyses (Cohen et al., 2011).

On the other hand, soil multi-functionality is affected by the 
environment and by microbial community composition and diversity 
(Zheng et al., 2019). Environmental factors in the soil also impact the 
HGT processes and lead to uneven distribution. The microbial HGT 
rate in soil relies on environmental stress variables like surface 
temperatures, pH (Rochelle et al., 1989), soil composition (Richaume 
et al., 1992), and wetness (Richaume et al., 1989). The gene-sharing 
network revealed strong correlations between gene connectivity and 
the trailed soil variables (Zhou et al., 2010). Besides, the persistence and 
transportation of genetically modified bacteria were impacted by 
fluidity in subsoil (Trevors et al., 1990). In terms of biological variables, 
the existence of fungi (Sengeløv et  al., 2000), protozoa (Johannes 
Sørensen et al., 1999), and roundworms (Daane et al., 1996, 1997) 
could also impact sexual plasmid transmission in soil. Moreover, the 
generation of leachate and root elongation looked to be  the main 
contributors to the incidence of HGT inside the rhizosphere (Mølbak 
et al., 2007). Transmission rates were roughly 10 times lower in the 
bean and cereal rhizospheres than in the control soils (Musovic et al., 
2006). Lastly, the other key factor contributing to the rise in local MGE 
quantities and HGT incidence in this environment is the 
implementation of manure, pesticides, and antimicrobials to the land 
(Gotz and Smalla, 1997). Correspondently, various organic degradative 
genes were found mobilized among soil-borne microbiota via HGT in 
our study (Figure 4D), whose catabolic activities might be  further 
applied for bio-remediation of polluted environments (Top et al., 2002; 

Nojiri et al., 2004). It is recently confirmed that genes of microalgal 
origin have conferred Caenorhabditis elegans the ability to degrade 
cyanogenic toxins (Wang et al., 2022). Previous studies also found that 
functional categories “biosynthesis and degradation of surface 
polysaccharides and lipopolysaccharides” and “DNA regulation and 
modification” tend to be enriched in the HGT entries. In consistence, 
we found glycosyltransferase in our study as the most abundant protein 
encoded by HTG related to carbon metabolism. The glycosyltransferase 
family was reported to be  involved in the glycosylation and 
modifications of biomolecules, including the bases in DNA, which 
might alter the host’s gene expression pattern (Iyer et al., 2013). Also, it 
was reported that glycosyltransferases were significantly enriched in 
horizontally transferred genes in the human gut, while soil microbiota 
has similar expansions of the glycosyltransferase repertoires as the gut 
(Lozupone et  al., 2008). Another generally enriched functional 
category in the HGT profile is metabolite transporter (Cordero and 
Hogeweg, 2009; Paquola et al., 2018), which is also reflected by our 
results (Figure 4F).

In conclusion, the inter-microbe HGT genetic traits in soil-borne 
microbiota genetic sequences that we  recognized through our 
assessments, as well as their involvement in carbon metabolism and 
resilience to various environmental stressors typically found in 
territory ecosystems, suggest a pervasive and substantial effect of 
HGT on the evolvement of microbes. Nevertheless, the information 
we  have provided here is not thorough. The examples of inter-
microbe HGT documented so far represent just the tip of a giant 
biological iceberg. Upcoming studies are expected to offer a more 
intriguing view of both the scope and the biological importance of 
HGT in microbes as increasing numbers of genomic data of higher 
quality are becoming accessible for yet more branches in the tree of 
life for microbes. Further work will be  necessary to evaluate the 
occurrence of HGT in the vast, heterogeneous, and isolated 
environment of the terrestrial subsurface and to assess the full impact 
of gene transfer on terrestrial subsurface microbial evolution.

4. Materials and methods

We first queried and retrieved all the items in the public database 
(Genbank/IMG) with the keyword “soil” within the “biosample” or 
“habitat” regions. We have then chosen and downloaded from the public 
database (Genbank/IMG) the resultant high-quality 764 genomes of soil 
microbial isolates as listed in Supplementary Table S1 at https://doi.
org/10.6084/m9.figshare.22154828.v1 for downstream analyses. The 
Integrated Microbial Genomes Annotation Pipeline (IMGAP) v.5.0 
(Markowitz et  al., 2010) under default mode was used to identify 
horizontally transferred genes (HTGs) in the genetic sequences of 
individual collected soil-borne microbiota, as conducted in previous 
studies (Li L. et al., 2020; Li X. et al., 2020; Li et al., 2021, 2022). It used 
the following criteria to determine which genes inside the trialed 
genomes were horizontally transferred from remote descendants: genes 
with the finest BLASTP matches (most significant bit scores) or over 90% 
of the best hits discovered beyond the phylogenetic clade of the trialed 
genome (i.e., from remote phylum, class, etc.) and with lower-scoring 
matches or no hits within the original phylogenetic clade of the trialed 
genome. The HTG sequences were annotated with the eggnog mapper 
v.2.0 (Huerta-Cepas et al., 2019). This resulted in a total of 37,481 HTG 
entries, followed by the pickup of HTGs that are related to carbon 
metabolism according to the Kyoto Encyclopedia of Genes and Genomes 
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(KEGG) classification. These processes eventually produce a total of 
4,554 HTG entries related to carbon metabolism. We then used the 
Gephi network visualization package1 for network visualization and 
exploration of carbon metabolism HTGs. Fruchterman Reingold and 
Openord layout approaches were used for network visualization in the 
Gephi. The graphical user interface of the KEGG pathway map color tool 
was applied for coloring map objects, including split-coloring and 
gradation2.
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The microbiome structure of
decomposing plant leaves in soil
depends on plant species, soil
pore sizes, and soil moisture
content
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Microbial communities are known as the primary decomposers of all the

carbon accumulated in the soil. However, how important soil structure and its

conventional or organic management, moisture content, and how di�erent plant

species impact this process are less understood. To answer these questions, we

generated a soil microcosm with decomposing corn and soy leaves, as well

as soil adjacent to the leaves, and compared it to control samples. We then

used high-throughput amplicon sequencing of the ITS and 16S rDNA regions

to characterize these microbiomes. Leaf microbiomes were the least diverse

and the most even in terms of OTU richness and abundance compared to near

soil and far soil, especially in their bacterial component. Microbial composition

was significantly and primarily a�ected by niche (leaves vs. soil) but also by soil

management type and plant species in the fungal microbiome, while moisture

content and pore sizes weremore important drivers for the bacterial communities.

The pore size e�ect was significantly dependent on moisture content, but only in

the organic management type. Overall, our results refine our understanding of

the decomposition of carbon residues in the soil and the factors that influence

it, which are key for environmental sustainability and for evaluating changes in

ecosystem functions.

KEYWORDS

soil microbiome, CONSTAX2, metabarcoding, ITS rDNA, 16S rDNA, detritusphere, soil

pores, leaf litter

Introduction

Adding aboveground plant residues to the topsoil can increase soil fertility, improve

hydraulic properties, enhance carbon sequestration, and reduce erosion (Miguez and

Bollero, 2005; Scholberg et al., 2010). Sustainable agriculture management practices that

involve residue additions include cover cropping, green manure cropping, and crop residue

incorporation by tillage (Lal, 1997). Such practices are growing in popularity worldwide

and are particularly important in organically based agriculture and in agricultural systems

in developing countries. The benefits of incorporating plant residues stem from their

decomposition within the soil, which provides soil carbon and nutrient inputs and is driven

by microorganisms (Lehtinen et al., 2014; Liu et al., 2017).
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Micro-environmental conditions within the soil matrix

influence microbiome activity and composition (Chenu et al.,

2001; Mummey and Stahl, 2004; Wolf et al., 2013). Soil pores are

known to play a major role in shaping soil micro-environments

(Kravchenko and Guber, 2017). They enable gas and liquid

transport, impact microbial colonization of the soil matrix

(Dechesne et al., 2003; Long and Or, 2009; Wang et al., 2013), and

create physical barriers between microbial communities (Treves

et al., 2003) that can either reduce or enhance accessibility to

predators (Wright et al., 1995) and other stress factors (Harvey

et al., 2021). Connectivity among the soil micro-environments,

facilitated through liquid bridges, is a major driver of the diversity

of microbial communities within the soil matrix (Tiedje et al.,

2001; Long and Or, 2005; Carson et al., 2010). Accounting for

the characteristics of the soil pore space in numerical modeling

is necessary for understanding the mechanisms and drivers

of microbial dynamics and activity (Golparvar et al., 2021).

However, while significant attention has been given to the role

of pore characteristics in influencing microorganisms in bulk

soil, defined as the soil not affected by plant residues or live

plant roots (Bickel and Or, 2020; Nunan et al., 2020; Xia et al.,

2022), relatively less is known about how such characteristics

contribute to microbiome dynamics around incorporated

plant residues.

The soil in the immediate vicinity of decomposing plant

residue is known as the detritusphere (Kögel-Knabner et al.,

2023), and physical properties in this zone drive the rate of

residue decomposition and the fate of decomposition products

(Kravchenko et al., 2017; Kim et al., 2020). A greater abundance

of large pores in the detritusphere stimulates decomposition

and leads to greater quantities of residual carbon being fully

decomposed into CO2 and emitted into the atmosphere (Toosi

et al., 2017). The prevalence of small pores stimulates the diffusion

of decomposition products into the surrounding soil matrix,

enriching it with new C inputs but also potentially stimulating

microbial activity, thus priming the loss of native soil organic

matter (Toosi et al., 2017).

In this study, we used microcosms to test the impact that soil

pore size, moisture, and plant tissue quality have on fungal and

bacterial dynamics and the incorporation of leaf litter residue into

soil across space and time. We hypothesized that the decomposing

residue itself would drive microbial community composition

changes in the soil and that environmental conditions within

the soil matrix, specifically the presence and size distribution

of soil pores and the level of soil moisture, would define

the composition of microbial communities on the decomposing

residue and in the surrounding detritusphere. Assessment of

the microbial community composition over a time course, i.e.,

at 7, 14, and 24 days, improves our ability to detect diversity

patterns that with only one sampling time would not be

possible to detect. It also provides insight into longer-term

trends and factors involved in microbial turnover. We explored

their role in microcosm systems from soils of contrasting long-

term agricultural management histories, namely, conventional

and organic row crop agriculture practices, and with residues

(leaves) of two plant species common in conventional row crop

agriculture, namely, corn [Zea mays (L.)] and soybean [Glycine

max (L.)].

Materials and methods

Study design

A detailed description of the study site and the setup of

the microcosm experiment is provided by Toosi et al. (2017);

thus, here we only briefly highlight the key components of

the experiment. The soil for the microcosms was collected

from two contrasting agricultural management practices, namely,

conventionally fertilized corn-soybean-wheat rotation (Conv) and

biologically based corn-soybean-wheat rotation with winter cover

crops (Bio), implemented since 1989 at the Long-Term Ecological

Research site at Kellogg Biological Station, Michigan. During each

3-year rotation cycle (the Bio practice), the cover crop red clover

(Trifolium pratense L.) is frost-seeded into winter wheat and then

incorporated into the soil 10 months later prior to corn planting,

and the cereal rye (Secale cereale L.) is planted after corn harvest

and incorporated prior to soybean planting. The studied soil is

Kalamazoo loam (fine-loamy, mixed, and mesic Typic Hapludalf)

(Robertson and Hamilton, 2015).

The soil material dominated by large pores, referred to further

on as the large pore soil, consisted of a 1–2mm aggregate fraction

obtained by sieving air-dried bulk soil. The soil material dominated

by small pores, referred to further on as small pore soil, was created

from a subset of the 1–2mm fraction by crushing and sieving the

soil to a 0.05–0.1mm size range. Creating small pore material from

the large-pore material in this study ensured maximum consistency

between the inherent chemical and biological properties of the

two materials; however, we are aware that the procedure could

have potentially affected soil microorganisms (Powlson, 1980). X-

ray-computed microtomography of the soil materials revealed that

the large pore material had a substantial presence of >30µm Ø

pores, which represented the pore space in-between the 1 and 2mm

aggregates, and of <2µm Ø pores from within the aggregates.

The pores space of the small pore material was dominated by 5–

10µm Ø pores, with no >30µm Ø pores present (Toosi et al.,

2017). The microcosms were constructed so as to maintain the

same bulk density of 1.1 g cm−3, so both materials had the same

58% total porosity.

The treatment design for the incubation experiment consisted

of the following factors: two agricultural management practices

(Conv and Bio), two soil materials with contrasting pore size

diameters (PSD: large and small pore materials), two soil moisture

levels (18 and 28% volumetric water contents), two plant residue

substrates (corn and soybean leaves), and no residue treatment

(control). Since the colonization of a new substrate by soil

microbiota is dynamic and therefore changes with time, we

sampled the microcosms at three time points (7, 14, and 24 days

after the start of the incubation). Three replicated microcosms

were prepared for each treatment combination, for a total of 216

microcosms. Samples were processed as three experimental blocks

in a randomized complete block design.

Each microcosm was 8mm in diameter and 10mm in length

(Supplementary Figure S1) and contained a Ø7mm dry leaf disk

placed in-between two equal soil layers (0.45 g above and 0.45 g

below the leaf). Microcosms were incubated at 20◦C in the dark.

At each sampling time, the microcosms were randomly assigned to

the specific sampling time point, taken out of the incubation, and
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FIGURE 1

Principal Coordinate Analysis (PCoA) based on Bray-Curtis dissimilarity matrices of fungal (A) and bacterial (B) communities. Incubated samples that

did not contain leaves are referred to as control (black), and dry samples of the soil materials used in the study (prior to incubation) are referred to as

start (red).

FIGURE 2

Principal Coordinate Analysis (PCoA) based on Bray-Curtis dissimilarity matrices of fungal microbiomes. PCoA of all samples grouped by treatment

and niche: T1-leaf, T1-near soil, T1-far soil, and T1-control (A) and T4-leaf, T4-near soil, T4-far soil, and T4-control (B). Sample points are coded

according to plant (color), moisture (shape), and size (pore). Factors that explained the most variation in the data are reported, as are the R
2 and 75%

confidence level ellipses assuming a normal distribution.

prepared for microbial analyses. Each control microcosm (without

a plant leaf) was processed as a single sample. From each treatment

microcosmwith plant leaf, we procured three samples for microbial

analysis, representing what we consider to be three ecological

niches differing in quantity and quality of the nutrient sources

available for the microorganisms. These consisted of the remains

of the plant leaf itself, the soil layer at a 0–2mm distance from

the leaf, and the soil layer at a 3–5mm distance from the leaf.

The latter two samples are referred to as soil adjacent (near soil)

to the leaf and soil non-adjacent (far soil) to the leaf, respectively.

The samples were placed on ice immediately after cutting and

then kept frozen at −80◦C until further analysis. In addition,
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FIGURE 3

Principal Coordinate Analysis (PCoA) based on Bray-Curtis dissimilarity matrices of bacterial microbiomes. PCoA of all samples grouped by treatment

and niche: T1-leaf, T1-near soil, T1-far soil, and T1-control (A) and T4-leaf, T4-near soil, T4-far soil, and T4-control (B). Sample points are coded

according to plant (color), moisture (shape), and size (Pore). Factors that explained the most variation in the data are reported, as are the R
2, and 75%

confidence level ellipses assuming a normal distribution.

baseline microbial analyses were conducted in air-dry samples

of large- and small-pore starting materials from conventional

(T1) and organic (T4) managements that were not subjected

to incubation.

This experiment was a component of a larger study that

examined the effects of management practices, PSDs, soil

moisture level, and plant leaf source (corn vs. soybean) on leaf

decomposition, the emission of CO2 and N2O during incubations,

the distribution of leaf decomposition products within the soil, and

soil priming effects. The findings on these other components of

the study have been published elsewhere (Kravchenko and Guber,

2017; Toosi et al., 2017) and thus provide auxiliary information for

analyzing the data from the experiment described here.

DNA extraction, library preparation, and
sequencing

DNA was extracted from soil samples with the MoBio

Power Soil kit according to the vendor’s protocol, with the

exception that a Biospec Mini-Beadbeater-16 was used for cell

disruption. Approximately 0.25–0.5 g of soil was extracted for

each sample. Samples were shaken for 1.5min at 25◦C. DNA

yield was quantitated with a Nanodrop Spectrophotometer. Total

soil DNA was amplified and sequenced at the Michigan State

University sequencing core facility. Briefly, to assess fungal

communities, the ITS region was amplified using the primer

sets ITS1F12 (5
′

-GAACCWGCGGARGGATCA) and ITS2 (5
′

-

GCTGCGTTCTTCATCGATGC). Amplification products were

run in the same manner as the V4 amplification products (below)

but on a separate MiSeq v2 flow cell.

To assess prokaryote communities, the microbial 16S

rRNA gene V4 regions were amplified using primer sets

515F (5
′

-GTGCCAGCMGCCGCGGTAA-3
′

) and 806R (5
′

-

GGACTACHVGGGTWTCTAAT-3
′

) following the method

described by Kozich et al. (2013). Amplicons of 16S rRNA gene

V4 regions were pooled and run on a standard MiSeq v2 flow cell

with a 500-cycle reagent kit (PE250). Base calling was done using

the Illumina Real-Time Analysis (RTA) version 1.18.54, and the

output of RTA was demultiplexed and converted to FastQ format

using the Illumina Bcl2fastq version 1.8.4.

Fungal and prokaryotic sequence
processing

Raw forward and reverse Illumina ITS reads were quality

evaluated with FastQC (Andrews, 2010) and merged with PEAR

(Zhang et al., 2014). Primers and adapters were removed with

Cutadapt (Martin, 2011). Reads were quality filtered (Edgar

and Flyvbjerg, 2015; Edgar, 2016), de-replicated, removed from

singleton sequences, and clustered into operational taxonomic

units (OTUs) based on 97% similarity using the UPARSE

algorithm (Edgar, 2013). Taxonomy assignments were performed
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in CONSTAX2 (Liber et al., 2021) using the UNITE sequence

database (Kõljalg et al., 2013).

Raw forward and reverse Illumina 16S reads were processed

as previously described (Rieke et al., 2018) with the following

modifications. Briefly, we used Ribosomal Database Project (RDP)

Paired-end Reads Assembler (Cole et al., 2014) to merge the

primer-trimmed pair-ended reads to 250–280 bases and a minimal

Q score of 25. Using BLAST, we confirmed that the assembled 16S

rRNA gene V4 sequences shorter than 250 bases or longer than

280 bases were non-microbial. Vsearch (2.4.3, 64-bit) (Rognes et al.,

2016) was used to remove chimeras de novo, followed by removing

chimeras by reference using RDP 16S rRNA gene training set

sequences (No. 15). High-quality and chimera-free sequences were

then clustered at 97% sequence similarity by CD-HIT (4.6.1) (Fu

et al., 2012). The taxonomy of each representative OTU sequence

was identified using the RDP Classifier (Wang et al., 2007; Fu

et al., 2012) with a confidence cutoff of 50% (-c 0.5). Finally, OTUs

detected fewer than five times across all samples were removed.

Statistical modeling

For each marker gene (i.e., ITS and 16S), otu_table (McDonald

et al., 2012), taxonomic classifications, representative OTU

sequences, and metadata files were imported into the R statistical

environment (R Core Team., 2023) and combined with the

phyloseq package (McMurdie and Holmes, 2014). To standardize

the sequencing depth across all samples, we rarefied all samples to

the minimum sample size (i.e., 1,010 sequences for the fungi and

13,377 sequences for the prokaryotes) in the phyloseq R package

(McMurdie and Holmes, 2013).

To explore differences in microbial community beta-diversity,

we analyzed two components, namely, (i) community structure,

defined as the difference in multivariate space between samples

and sample groups and (ii) community dispersion, defined as

multivariate variance within each sample group. Community

structure was investigated using principal coordinate analysis

(PCoA) of the Bray-Curtis distance matrix with the function

“ordinate” in phyloseq (McMurdie and Holmes, 2014). A

permutational multivariate analysis of variance (Permanova) was

used to test differences among a priori defined sample groups

(Anderson, 2001) with the function “adonis” in the veganR package

(Oksanen et al., 2019). To assess the amount of multivariate

dispersions (Anderson et al., 2006) around centroids, we used the

“betadisper” function in vegan. Statistical differences in dispersion

were assessed through pairwise permutational ANOVA, using the

“anova” function in the car R package, with 9,999 permutations. All

P-values were corrected based on the Benjamini-Hochberg method

(Benjamini and Hochberg, 1995).

To explore which bacterial genera will follow the decomposing

residue vs. soil and the increasing vs. decreasing time trends,

we first conducted a 3-way factorial ANOVA for the abundances

of individual OTUs. To identify the leaf-dominating and soil-

dominating genera, the ANOVA was followed by contrasts

comparing the leaf with near soil and the leaf with far soil and a

non-incubated control, tested simultaneously (P < 0.01). Then, the

abundances of genera identified as either leaf- or soil-dominating

were subjected to linear regression with time as the independent

variable to identify those that exhibited a clear positive or negative

linear trend (P < 0.05).

Alpha diversity, OTU richness, and Shannon diversity indexes

were calculated in vegan with the “specnumber” and “diversity”

functions of the vegan package (Oksanen et al., 2019). The

Shannon index was standardized to 0–1 to allow for easier

comparisons across groups, as previously explained (Benucci et al.,

2022). Significant differences (P ≤ 0.05) in alpha diversity were

assessed by a Wilcoxon test, with P-values corrected with the

Benjamini-Hochberg method (Benjamini and Hochberg, 1995). All

graphs were plotted in the ggplot2 (Wickham, 2016) and ggpubr

(Kassambara, 2020) R packages. Minimal graphical adjustments to

improve the figures’ visibility were performed in Inkscape (Inkscape

Project, 2020).

Results

Sequencing results

This study resulted from community data from 252 samples

that yielded 2,193,913 (8,671.6 ± 6,448.2 mean reads and standard

deviation per sample, respectively) ITS reads and 3,701,268

(14,629.52 ± 7,687.7) 16S reads in the otu_table after quality

filtering. The data were rarefied at 1,010 reads per sample for ITS

and 13,377 for 16S.

Beta diversity

In the dry control samples (i.e., the soil materials used in

the study tested prior to incubation), the long-term history

of contrasting agricultural management practices (T1 =

conventional vs. T4 = organic) influenced both fungal and

bacterial microbiomes (Supplementary Table S1). However,

neither fungal nor bacterial communities differed between the

large- and small-pore soil materials (Supplementary Table S1). In

the study samples, the largest amount of variation in composition

was present across different niches (i.e., leaf, near soil, and far

soil), as hypothesized, which accounted for roughly 16% and

39% of the total variance in fungal and bacterial communities,

respectively (Supplementary Table S1). Differences across niches

and treatments are clear in the principal coordinate analysis

(PCoA) ordination plots based on the Bray-Curtis dissimilarity

of fungal (Figure 1A) and bacterial communities (Figure 1B),

with clear clustering of samples along the first and second

PCoA axes, respectively. Fungal communities were also more

clearly impacted by soil treatment (T1 = conventional vs. T4

= organic), which explains nearly 11% of the variance, and,

to a lesser extent, by plant species (i.e., corn or soy), pore size

(i.e., small or large), and moisture content (i.e., low or high).

Bacterial communities were also impacted by pore size (∼2.5%),

moisture content (∼2%), treatment (∼2%), and plant species

(∼1.5%), but these effects were hidden by the effect of niche.

Significant interactions (P ≤ 0.05, after Benjamini-Hochberg

P-value correction), mainly involving niche and other factors, were

also present, but, in general, the amount of variation explained was

negligible (Supplementary Table S2).
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TABLE 1 Permanova (Permutational Multivariate Analysis of Variance Using Distance Matrices) and Betadisper (Multivariate Homogeneity of Groups

Dispersions) models on the subsetted fungal and bacterial datasets according to slice and treatment (leaf-T1, leaf-T4, near soil-T1, T1-control, near

soil-T4, far soil-T1, far soil-T4, and T4-control).

Fungi Permanova Betadisper

Group Factor Df Sum.Sq F R2 P.adj Sum.Sq F P.adj

T1-Leaf Plant 2 4.22612 14.90845 0.29459 0.00080 0.0132 0.5592 0.5743

T1-Leaf Pore 1 0.44086 3.11042 0.03073 0.01840 0.0883 13.6263 0.0004

T1-Nearsoil Plant 2 2.85516 11.13978 0.24329 0.00080 0.0233 1.7466 0.1824

T1-Nearsoil Pore 1 0.44797 3.49560 0.03817 0.00880 0.0425 14.7884 0.0003

T1-Farsoil Pore 1 0.74554 4.85338 0.07261 0.00080 0.3237 71.3412 0.0000

T1-Farsoil Moisture 1 0.42277 2.75218 0.04118 0.00800 0.0063 0.5691 0.4537

T1-Control Pore 1 0.32534 2.38360 0.10468 0.00040 0.0427 10.4906 0.0041

T4-Leaf Plant 2 4.03977 15.91940 0.28679 0.00080 0.0507 2.0021 0.1436

T4-Leaf Pore 1 0.92249 7.27047 0.06549 0.00080 0.0299 4.4552 0.0387

T4-Leaf Time 2 0.81393 3.20743 0.05778 0.00080 0.0202 1.2462 0.2946

T4-Leaf Moisture 1 0.55793 4.39724 0.03961 0.00160 0.0067 0.8304 0.3656

T4-Leaf Pore:Moisture 1 0.37736 2.97408 0.02679 0.02000 - - -

T4-Nearsoil Plant 2 1.60929 6.19018 0.15103 0.00080 0.0094 0.5129 0.6012

T4-Nearsoil Pore 1 0.40427 3.11009 0.03794 0.00160 0.2103 36.0006 0.0000

T4-Nearsoil Moisture 1 0.34383 2.64510 0.03227 0.01120 0.0066 0.7250 0.3976

T4-Farsoil Pore 1 0.35941 2.63748 0.04163 0.01440 0.3542 56.6875 0.0000

T4-Farsoil Plant:Pore:Moisture 1 0.40467 2.96966 0.04687 0.00480 - - -

T4-Control Pore 1 0.30512 2.49281 0.10162 0.01240 0.1199 18.9037 0.0003

Bacteria

Group Factor Df Sum.Sq F R2 P.adj Sum.Sq F P.adj

T1-Leaf Plant 2 7.99222 33.13792 0.39641 0.00080 0.2459 32.4638 0.0000

T1-Leaf Moisture 1 1.69730 14.07491 0.08418 0.00080 0.0029 0.4915 0.4857

T1-Leaf Time 2 1.22462 5.07759 0.06074 0.00080 0.0127 1.4587 0.2398

T1-Leaf Pore 1 1.01912 8.45110 0.05055 0.00080 0.0002 0.0480 0.8273

T1-Nearsoil Plant 2 0.96853 5.43286 0.12532 0.00080 0.0010 0.6545 0.5231

T1-Nearsoil Time 2 0.53755 3.01534 0.06956 0.00080 0.0003 0.1776 0.8377

T1-Nearsoil Pore 1 0.45416 5.09507 0.05877 0.00080 0.0018 2.0833 0.1536

T1-Nearsoil Moisture 1 0.25621 2.87432 0.03315 0.00080 0.0012 1.7753 0.1873

T1-Farsoil Time 2 0.52353 2.90084 0.08460 0.00080 0.0000 0.0285 0.9719

T1-Farsoil Plant 2 0.40441 2.24080 0.06535 0.00080 0.0013 0.9940 0.3765

T1-Farsoil Pore 1 0.36626 4.05886 0.05919 0.00080 0.0032 5.2212 0.0261

T1-Control Time 2 0.36715 2.03374 0.16551 0.00040 0.0220 2.1863 0.1398

T1-Control Pore 1 0.19382 2.14727 0.08737 0.00960 0.0427 10.4906 0.0041

T4-Leaf Plant 2 7.65287 37.25758 0.40881 0.00080 0.2337 20.6704 0.0000

T4-Leaf Pore 1 1.67765 16.33514 0.08962 0.00080 0.0187 3.0142 0.0873

T4-Leaf Time 2 1.57711 7.67806 0.08425 0.00080 0.0400 5.0084 0.0095

T4-Leaf Moisture 1 0.98904 9.63021 0.05283 0.00080 0.0010 0.3096 0.5799

T4-Leaf Pore:Moisture 1 0.52480 5.10997 0.02803 0.00720 - - -

(Continued)
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TABLE 1 (Continued)

Fungi Permanova Betadisper

Group Factor Df Sum.Sq F R2 P.adj Sum.Sq F P.adj

T4-Nearsoil Plant 2 0.88452 5.07130 0.12185 0.00080 0.0012 0.7689 0.4678

T4-Nearsoil Pore 1 0.39821 4.56619 0.05486 0.00080 0.0010 1.1113 0.2957

T4-Nearsoil Time 2 0.32738 1.87699 0.04510 0.00320 0.0003 0.2050 0.8152

T4-Nearsoil Moisture 1 0.25161 2.88516 0.03466 0.00080 0.0002 0.2241 0.6375

T4-Nearsoil Pore:Moisture 1 0.19160 2.19708 0.02639 0.00880 - - -

T4-Farsoil Time 2 0.34319 1.94229 0.05863 0.00080 0.0013 0.8474 0.4338

T4-Farsoil Pore 1 0.30714 3.47648 0.05247 0.00080 0.0010 1.1832 0.2812

T4-Farsoil Plant 2 0.29821 1.68774 0.05094 0.00080 0.0003 0.1571 0.8550

T4-Farsoil Moisture 1 0.15576 1.76304 0.02661 0.00960 0.0000 0.0122 0.9124

T4-Farsoil Plant:Pore:Moisture 1 0.14815 1.67689 0.02531 0.01440 - - -

T4-Control Time 2 0.25182 1.49254 0.11267 0.00240 0.1105 4.4663 0.0242

T4-Control Pore 1 0.19786 2.34541 0.08853 0.00040 0.1199 18.9037 0.0003

T4-Control Moisture 1 0.16089 1.90716 0.07199 0.00080 0.0039 0.3283 0.5724

Time was treated as a fixed effect and included as a factor variable in the models (Time + Plant ∗ Pore ∗ Moisture, and Time + Pore ∗ Moisture for just the control samples). The order of

the factors was chosen to first remove variance from variables with the highest impact in the models and better investigate the remaining variables. Only factors with significant (P ≤ 0.05)

Benjamini-Hochberg-corrected P-values are displayed. Factor explaining the highest R2 for each model and significant adjusted p-values are reported in bold.

To better evaluate the impacts of all the variables, the datasets

were divided by niche and treatment into eight subsets composed

of leaf-T1, leaf-T4, near soil-T1, near soil-T4, far soil-T1, far soil-

T4, control-T1, and control-T4. The PCoA ordinations generated

for each subset showed significantly different clusters of samples

for both fungi (Figure 2) and bacteria (Figure 3), as supported by

the Permanova tests.

Overall, the Permanova [P ≤0.05, after Benjamini-Hochberg

(BH) correction] results showed that plant species and pore size

were the two main drivers of the communities in both T1 and T4

and for each studied niche. In particular, plant species were always

the major driver of variation in the leaf and the near soil niches

(and also in the far soil for the bacterial microbiome in T1), while

pore sizes impacted the far soil (i.e., soil further away from the

leaf) niches; control samples were impacted by pore sizes the most

(Table 1). Microbiome variance attributed to plant species ranged

from about 29% in the T1-leaf to 15% in the T4-near soil of the

fungal microbiome and from about 40% in the T1-leaf to 5.1% in

the T4-far soil of the bacterial microbiomes, with no substantial

difference between T1 and T4. Microbiome variance attributed to

pore sizes ranging from about 7.3% in T1-far soil (10.5% in the

T1-control samples) to 3.1% in T1-leaf of the fungal microbiome

and from about 8.9% in T4-leaf (8.8% in the T4-control samples)

to 5% in T1-leaf of the bacterial microbiome, with, in general,

higher variance in T4 compared to T1 if we do not consider the

control samples. Moisture content was most important in shaping

the bacterial rather than fungal microbiome. Significant effects

were present in T1-far soil (4.1%), T4-leaf (3.9%), and T4-near soil

(3.2%) in the fungal microbiomes, and T1-leaf (8.4%), T1-near soil

(3.3%), T4-leaf (5.3%), T4-near soil (3.6%), T4-far soil (2.7%), and

T4-control samples (7.2%) in the bacterial microbiomes.

The effect of time was the most important for the bacterial

microbiome than the fungal microbiome, and significant

pore:moisture and plant:pore:moisture interactions were also

present in both fungal and bacterial communities, but only in

T4 treatments, which represent the organic management type.

Microbiomes clustered mainly according to plant and pore, as

shown by the fungal (Figure 2) and bacterial (Figure 3) PCoA

ordinations, as emphasized by 75% confidence ellipses.

Alpha diversity

Alpha diversity measurements were also impacted primarily

by niche, followed by other factors both in fungal (Figure 4) and

bacterial (Figure 5) microbiomes. The bar plots also showed that

there were no substantial alpha diversity differences between the

T1 and T4 treatments. In particular, OTU richness in the leaf

was considerably lower than that of the soils and controls, but

differences between near soil, far soil, and control soil were also

present. In the leaf niche, there was a significant (P ≤ 0.05 after

BH correction) effect of pore size in the T1 sample of the fungal

microbiome and a significant effect of moisture in both the T1 and

T4 samples of the bacterial microbiomes. In the near soil niche, a

higher richness was present in the small pores of T1 and T4 in fungi,

but only in T1 in bacterial microbiomes. In the far soil niche, fungal

microbiomes were affected by pore sizes in T1 and T4, but only in

T1, a higher richness was detected for the bacterial microbiomes.

The effect of pore sizes and moisture content was also significant in

T1 and T4, respectively, but only in the fungal microbiome.

Regarding Shannon diversity, differences between niches were

mostly limited to the leaves being different from soils and control

samples. Additionally, Shannon diversity followed an opposite

trend to richness, being higher in leaves (a more evenly abundant

microbiome) and lower in soils, and this phenomenon was more

evident in the bacterial (Supplementary Figure S3) than fungal
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FIGURE 4

Bar plots showing significant di�erences (P ≤ 0.05 after Benjamini-Hochberg correction) in mean observed species richness (±standard deviation) for

fungal microbiomes in (A) conventional (T1) and (B) organic (T4) managament samples. Samples were grouped according to treatment, and

statistical di�erences were calculated across niche factors (leaf, near soil, far soil, and control) using pairwise Wilcoxon tests.

(Supplementary Figure S4) microbiome. In particular, in the leaf

niche, there was a significant (P ≤ 0.05 after BH correction) effect

of moisture in both T1 and T4 in the fungal microbiome, but

Shannon diversity was higher for the T4 bacterial microbiome

in soy, small, and low moisture samples. Shannon diversity was

significantly higher in the T1 near soil niche for the fungi but also

in soy, large pores, and low moisture for the bacterial microbiome

in T1 samples. No other significant differences were present. Large

pores and low moisture samples were more even in T1 and T4 far

soil samples of the bacterial microbiomes, respectively.

Most abundant, variable, and significantly
di�erent OTUs across treatments

In Figure 6, the most abundant fungal (Figure 6A) and

bacterial (Figure 6B) OTUs are reported, averaged across all

samples, and those that showed the highest variation and had

significantly different mean abundance (P ≤ 0.05) after BH

correction across the treatments. Some of these selected taxa

showed different treatments. For example, FOTU85 (Xilariales)

was higher in abundance in soy leaves and small pores, while

present in small amounts in the control samples. FOTU58

(Apodus sp.) was instead significantly more abundant in corn

leaves, but its abundance was not relevantly affected by other

factors. Some OTUs were present and significantly different

between factors in the in T1 treatment (e.g., FOTU545-Mucor),

others only in the T4 treatment (e.g., FOTU100-Podospora).

In the bacterial dataset, POTU25222-Chitinophaga, POTU27262-

Flavobacterium, POTU24422-Bdellovibrio, and other unclassified

bacteria were higher in soy samples with large pores and

high moisture content in T1 samples. Other OTUs, such as

unclassified Gammaproteobacteria, POTU6175-Saccharibacillus,

and POTU12661-Aureimonas, were also higher in soy samples with

large pores and high moisture content, but only in T1.

In the near soil samples, FOTU272-Robillarda showed a higher

abundance in large pores, together with FOTU216-Pleosporales

and FOTU366-Ballistosporomyces (Figure 7A). Unclassified

Gammaproteobacteria were higher in abundance in soy, large

pores, and high moisture in T1, while an unclassified OTU in the

Alphaproteobacteria was higher in T4, in corn, large pores, and

high moisture samples. In T1, the most abundant and variable

OTUs were associated with soil, while in the T4 treatment,

they were associated with corn. POTU12661-Aureimonas and

POTU12354-Asticcacaulis were the only two prokaryotes with a

higher abundance in small soil pores (Figure 7B).
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FIGURE 5

Bar plots showing significant di�erences (P ≤ 0.05 after the Benjamini-Hochberg correction method) in the mean observed species richness

(±standard deviation) for bacterial microbiomes in (A) conventional (T1) and (B) organic (T4) managament samples. Samples were grouped according

to treatment, and statistical di�erences were calculated across niche factors (leaf, near soil, far soil, and control) using pairwise Wilcoxon tests.

In the far soil samples, some of the same OTUs present in the

near soil samples were abundant and variable across groups. For

example, FOTU545-Mucor (Figure 8A) was shown to be higher in

corn with large pores and high moisture content, while FOTU358-

Chaetothyriales (Figure 8B) was higher in soy with large pores

and high moisture content; both were higher in T1 compared to

T4, highlighting inherent differences between soil communities.

In general, in T4, the most abundant OTUs that vary across

factors were also present in the control samples, while in T1, they

were absent.

Discussion

In this study, we tested the impact of the prevalence of soil

pores of a certain size range, different soil moisture contents, and

decomposition of plant tissue of different qualities on fungal and

bacterial dynamics across space and time. We explored both the

tissue itself and the surrounding detritusphere. We found that soils

subjected to long-term differences in soil management practice, i.e.,

conventional vs. organic management, had the greatest influence

on microbial community structure, likely the result of differences

in plant diversity but also due to increases in soil organic matter

in the organic management in these field soils (Syswerda et al.,

2011). That is in agreement with observations by Epp Schmidt

et al. (2022) on the soils from similar management practices, also

after extended implementation. The microbial community in the

long-term biologically based treatment showed greater microbial

richness (Figure 3), consistent with a number of past reports (de

Graaff et al., 2019).

As expected, the greatest contrast in microbial community

composition was observed between the community on the

decomposing residue and the communities of the surrounding

soil. Leaf microbiomes were less species rich as compared to the

adjacent soil (Figure 3), likely reflecting the special environment

dominated by leaf decomposers, organisms that benefited from

their necromass, and predators. The decomposing leaves, providing

a carbon and nutrient supply, drive microbial functioning in the

soil microenvironment (Figure 3).

As we reported in a companion study, decomposition rates

and magnitudes substantially differed between microcosms with

incubated corn vs. soybean leaves (Kravchenko et al., 2017). While

>85% of the soybean residue was completely decomposed after

7 days of incubation, only 30–50% of the corn residue was

decomposed by that time. However, surprisingly, the effect of

plant species on the composition of the microbial community was

relatively minor, especially for bacteria. Mortierellomycetes, a clade

of fungi reportedly abundant in agricultural conventionally and
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FIGURE 6

Top abundant, variable, and significantly di�erent (pairwise Wilcoxon tests, P ≤ 0.05 after Benjamini-Hochberg correction method) OTUs across T1

and T4 treatments in the fungal (A) and bacterial (B) microbiomes of the leaf. Point sizes represent the mean abundance across samples at a

treatment level. Only significantly di�erent OTUs among the top 25 were selected among the most variable (OTUs with a di�erence in abundance

between treatment levels ≥ the 50 percentile of the coe�cient of variation for that OTU across samples for the fungi and ≥ the 75 percentile for the

bacteria) and are shown.

organically managed systems (Epp Schmidt et al., 2022; Benucci

et al., 2023) and known to include soil saprotrophs as well as

plant growth promoters (Põlme et al., 2020; Vandepol et al., 2022),

had a greater abundance on soybean leaves than corn leaves.

Agaricomycetes and Sordariomycetes groups, known to include

large proportions of wood and litter saprotrophs (Põlme et al.,

2020), were more abundant in corn than in soybean leaves.

We hypothesized that micro-environments within small pore-

dominated soil, especially when accompanied by low soil moisture,

would stimulate greater diversity of microbial communities.

Smaller and less hydraulically connected pore spaces generate more

fragmented microhabitats, shielding inhabitants from predation

and competition (Tiedje et al., 2001;Wolf et al., 2013; Bickel andOr,

2020). This effect was expected to be more pronounced in bacteria

than in fungi since hyphal growth was assumed to enable fungi to

easily navigate and spread through the pore space, allowing them

greater resistance to fluctuations in local environmental conditions

(Barnard et al., 2013; Nunan et al., 2020). Our findings only

partially supported this hypothesis (Figure 3). Greater bacterial

diversity was indeed observed in small pore treatments than in

large pore treatments, but it was statistically significant only in the

soil of conventional agriculture and was only a numeric trend in

organic management. However, a greater diversity of fungi was

consistently observed in the soils of both management practices.

The result suggests a greater than expected sensitivity of fungi to

micro-environmental conditions, even at a few-cm spatial scale.

However, the association between soil moisture and microbial

richness was either absent or the opposite of what we anticipated.

Moisture did not influence fungal richness, and on decomposing

residues and partially in the surrounding soil, greater richness was

associated with higher moisture (Figure 3). It is possible that the

lower moisture of the study limited many organisms and selected

for those tolerant of drier conditions, while the optimal (field

capacity) moisture of our high soil moisture treatment provided an
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FIGURE 7

Top abundant, variable, and significantly di�erent (pairwise Wilcoxon tests, P ≤ 0.05 after Benjamini-Hochberg correction method) OTUs across T1

and T4 treatments in the fungal (A) and bacterial (B) microbiomes of the Nearsoil. Point sizes represent the mean abundance across samples at a

treatment level. Only significantly di�erent OTUs among the top 25 were selected among the most variable (OTUs with di�erences in abundance

between treatment levels ≥ the 50 percentile of the coe�cient of variation for that OTU across samples for the fungi and ≥ the 75 percentile for the

bacteria) and are shown.

optimal growth environment. Indeed, the moisture corresponding

to field capacity was reported as beneficial to bacterial diversity

in both experimental works (Carson et al., 2010) and theoretical

considerations (Bickel and Or, 2020).

Nevertheless, for several bacterial groups, the associations with

pores were consistent with the associations with soil moisture

levels, suggesting the contribution of general micro-environmental

effects to the performance of these microorganisms during the

experiment. Betaproteobacteria and Bacteriodetes were in greater

abundance in both large-pore soils and at higher soil moisture

(Figure 5). Gammaproteobacteria and Shingobacteria were in

greater abundance in both small-pore soils and at lower soil

moisture. Actinobacteria, a phylum known to be resistant to

desiccation (Bardgett and Caruso, 2020), was also notably more

abundant in both small-pore soils and at lower soil moisture.

A number of Acidobacteria groups, which are usually described

as oligotrophs resistant to harsh environments, were also in

greater abundance in small pores, as were Anaerolinea. The higher

abundance of Acidobacteria in the small pore treatment, with its

lower oxygen supply, was expected. Consistent with our findings,

Xia et al. (2022) reported a greater abundance of Actinobacteria

in smaller pores and drier conditions and a greater abundance of

Betaproteobacteria in large pores.

Conclusion

We reported here that decomposing leaves in the soil drive

microbial activity and turnover over time. As we hypothesized,

incubated fresh plant detritus was shown to harbor a reduced

diversity but a more even microbiome composition compared

to that of the adjacent communities in the soil and was the

most important factor explaining fungal and bacterial microbiomes

across space. We did not entirely expect to have such an important

effect of management type (organic vs. conventional), which was

also variable across the different niches, and impactful on the effect

of pore size on both bacterial microbiomes. Soil pores andmoisture

content were influenced by both niche and management type and
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FIGURE 8

Top abundant, variable, and significantly di�erent (pairwise Wilcoxon tests, P ≤ 0.05 after Benjamini-Hochberg correction method) OTUs across T1

and T4 treatments in the fungal (A) and bacterial (B) microbiomes of the far soil. Point sizes represent the mean abundance across samples at a

treatment level. Only significantly di�erent OTUs among the top 25 were selected among the most variable (OTUs with a di�erence in abundance

between treatment levels ≥ the 50 percentile of the coe�cient of variation for that OTU across samples for the fungi and ≥ the 75 percentile for the

bacteria) and are shown.

were important in shaping bacterial communities, which are known

to rely on water films for dispersal and were more dynamic over

time compared to fungi. In contrast, and as hypothesized, plant

species had a greater effect on the fungal community composition

over time. Together, these results contribute to our understanding

of the decomposition of carbon residues in the soil and the factors

that regulate the microbes that drive soil C and nutrient cycling.
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Introduction: In the soda-saline grasslands of the Songnen Plain, Jilin Province,

China, the prohibition of grazing has led to significant changes in plant

communities and soil properties. However, the intricate interplay between

soil physical and chemical attributes, the soil microbial community, and their

combined influence on soil humus composition remains poorly understood.

Methods: Our study aimed to evaluate the impact of natural vegetation restoration

on soil properties, microbial community diversity, and composition in the soda-

saline soil region of the Songnen Plain. We conducted assessments of soil physical

and chemical properties, analyzed community diversity, and composition at a soil

depth range of 0–20 cm. The study covered soils with dominant soda-saline

vegetation species, including Suaeda glauca Bunge, Puccinellia chinampoensis

Ohwi, Chloris virgata Swarta, Phragmites australis (Clay.), Leymus chinensis (Trin.),

and Tzvelev. We compared these vegetated soils to bare land devoid of any plants.

Results: We found that soil organic content (SOC) in vegetation restoration areas

was higher than in bare land, with SOC content varying between 3.64 and 11.15

g/kg in di�erent vegetated areas. Notably, soil pH emerged as a pivotal factor,

explaining 11.4% and 12.2% of the variance in soil bacteria and fungi, respectively.

There were correlations between SOC content and the relative abundance of

specific microbial groups, with Acidobacteria and Mortierella showing a positive

correlation, while Actinobacteria, Gemmatimonadetes, and Ascomycota exhibited

significant negative correlations with SOC.

Discussion: The disparities in SOC composition and content among the soda-

saline vegetation types were primarily attributed to variations in pH. Consequently,

reducing soil pH is identified as a critical step in the process of vegetation

restoration in soda-saline land. Prohibiting grazing has the potential to increase

soda-saline SOC content and enhance microbial diversity, with Leymus chinensis

and Phragmites australis showing particularly promising results in terms of higher

SOC carbon content and microbial diversity.

KEYWORDS

vegetation restoration, physical properties of soil, soil humus carbon component, soda-

saline soil, soil microorganism
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1. Introduction

The western part of the Songnen Plain is located in the

northeast of China. It is one of the three major soda-saline soil

regions in the world (Yang et al., 2016), with an area of 3.42×106

ha (Wang et al., 2003). NaHCO3 and Na2CO3 are the main salts

there, with soil pHmostly above 8.5, often ranging between 9.0 and

10.5, which is the characteristic pH value of severe soda-saline land

(Chi et al., 2011). In the past, due to long-term salinization and

human disturbances, the grassland in this region has suffered severe

degradation, leading to a decline in soil productivity and almost

no surface vegetation (Zhao et al., 2022). To restore the damaged

ecosystem, a no-grazing policy has been implemented since 2002,

allowing natural vegetation to regrow and restore soil quality

and functionality. After years of regeneration, there has been an

increase in vegetation cover, and a relatively stable natural ecology

has been established through long-term succession. Additionally,

diverse plant communities have emerged due to variations in

microtopography, habitats, and degrees of degradation. Plants such

as Suaeda salsa, Puccinellia chinampoensis, Phragmites australis,

Chloris virgata, and Leymus chinensis exhibit a patchy distribution

across plots with different levels of salinization (Figure 1).

The status and movement of soil water and salt determine the

formation of different vegetation communities, while the change

in soil salinity is influenced by various factors, such as climate

conditions, surface and subsurface water, vegetation types, and

field management. Vegetation growth also contributes to the

accumulation of soil organic matter (SOM) (Mahmood et al.,

1994). SOM is a mixture of special polymer compounds formed

by animal and plant residues in the soil under the action of soil

organisms (Kögel-Knabner, 2002). The main active components of

SOM are humic substances (HS), which are produced by chemical

activities in natural environments, including aquatic ecosystems,

soils, and sediments, and have a major impact on biogeochemical

processes (DiDonato et al., 2016; Zaiets and Poch, 2016). HS

can be further classified into the groups of humic acid (HA),

fulvic acid (FA), and humin (HM) (Kou et al., 2022). HA and FA

are the most active components in soil HS and play important

roles in enhancing soil aggregation, maintaining soil fertility,

increasing soil buffering capacity, and regulating pH (Lehmann

and Kleber, 2015). Different soil types have different HA/FA ratios

(Klučáková, 2018; Ampong et al., 2022). At the same time, this

ratio is related to soil fertility (Kononova, 2013). SOM belongs

to the soil solid phase, and most of it combines with minerals

to form organomineral complexes or microaggregates of different

sizes. High soil salinity has a certain impact on the structure,

composition, and characteristics of soil humus, which are closely

related to the properties and fertility of the soil. Therefore, the

study of the correlation between salinity and humus composition in

soda-saline soil is of great theoretical and practical significance for

the formation, regeneration, and decomposition of humus in soda-

saline soil, revealing the migration and transmission mechanisms

of substances between saline soil and vegetation types.

The soil microbiome plays a pivotal role in soil ecological

processes (Hartmann and Six, 2022). Soil electrical conductivity

and soil sodium ion content are the primary factors influencing the

structure and composition of soil bacterial communities in soda-

saline land (Wang S. et al., 2020). Notably, soil salinity not only

significantly diminishes bacterial richness but also affects bacterial

community composition (Guan et al., 2021). In a study by Chang

et al. (2022), it was revealed that soda-saline soils covered with

natural vegetation have positive effects on soil physicochemical

properties and prokaryotic communities, as opposed to highly

saline bare sodic spots. Generally, diverse plant communities

create distinct soil environments, leading to shifts in soil microbial

communities (Wang X. et al., 2020; Qiu et al., 2022). These

alterations in microbial diversity and community composition

undoubtedly influence the interplay between the microbiome and

nutrient cycling, subsequently affecting plant growth in saline soils.

Conversely, certain fungi, such as mycorrhizae, possess the

capacity to assist plants in resource acquisition and high salinity

tolerance within stressful settings (Wang et al., 2019). Moreover,

fungi collaborate with bacteria to uphold the stability of soil

microbial networks and contribute to ecosystem functionalities

(Li et al., 2022). Revegetation affects land productivity and the

hydrological cycle and changes the structure and function of

soil microbial communities and humus. Soil microorganisms and

humus are the main components of soil organic carbon, and they

play an important role in the soil carbon cycle and global carbon

balance. However, there is still a lack of systematic research on the

changes and mechanisms of soil microorganisms and humus in

different stages of vegetation degradation in the Songnen Plain.

Based on the aforementioned considerations, we postulate

that soils encompassing various plant communities exhibit

distinct organic matter components and diminished salt stress.

Consequently, the soil within diverse plant communities harbors

greater microbial diversity functionality than the highly saline

and alkaline barren soil patches. To scrutinize this conjecture,

we studied the diversity and composition of both bacterial and

fungal communities in soils beneath five halophytic communities

within a soda-saline ecosystem. Our analysis encompassed the

measurements of soil pH, electrical conductivity, salinity, organic

matter composition, salt stress, and microbial functions. We

quantified the ratio of soil bacteria to archaea and assessed

fungal diversity and composition using advanced high-throughput

sequencing techniques. Notably, we identified indicator taxa that

exhibited a significant association with specific habitats. Primarily,

the present study aimed to explore the impact of distinct vegetation

types on organic matter composition and the interrelationship of

microorganisms within soda-saline soils.

2. Materials and methods

2.1. Site description

The study area is situated in the Da’an Sodic Land Experimental

Ecological Station (45◦53
′

-47◦8
′

N, 123◦45
′

-124◦42
′

E), located in

the west of the Songnen Plain. It has an average elevation

of 152m and an annual average temperature of 3.6–4.4◦C.

The monthly average temperature stays above 0◦C from April

to October. Soda-saline meadow soil is the dominant soil

type. Due to grazing before 2002, the experimental area has

been exposed to heavy salinity for a long time, characterized

by severe grassland degradation and low vegetation cover.

Since early 2002, grazing has been prohibited on grasslands,
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FIGURE 1

The location of the experiment and the distribution of sampling squares. BL, bare land without vegetation on the surface; CV, Chloris virgata; LC,

Leymus chinensis; PA, Phragmites australis; PC, Puccinellia chinampoensis; SG, Suaeda glauca.

leading to a subsequent increase in vegetation coverage. Over

the course of several years, through long-term succession,

a relatively stable and natural ecological system has been

established. Additionally, diverse plant communities arose as a

result of variations in minor topography, habitat, and degree

of degradation.

We divided the study site into 80 plots of 15 ×

15m each, which were randomly assigned to one of five

treatments (Figure 1). The study site was 120m wide (1.8

× 104 m2). The following six vegetation communities

were distinguished and sampled, I. Bare land (BL) without

vegetation on the surface; II. Chloris virgata (CV); III. Leymus

chinensis (LC); IV. Phragmites australis (PA); V. Puccinellia

chinampoensis (PC); VI. Suaeda glauca (SG); see details in

Supplementary Table S1.

2.2. Soil sampling

Soil samples were collected in September 2022, when vegetation

matures. Plant residues were removed prior to sampling to

avoid aboveground disturbance. Soil samples were collected

using the five-point sampling method. Five cylindrical soil

samples were randomly drilled in each square with a diameter

of 5 cm and a depth of 20 cm. They were broken up and

thoroughly mixed into a composite soil sample, with each

square replicated four times. Finally, 24 mixed soil samples

(6 vegetation variants × 4 replicates) were obtained. Shoots,

roots, and gravel were manually removed from the soil samples.

Soil samples were then passed through a 2-mm sieve and

divided into three equal aliquots. The first one was air-dried

at room temperature and used for physicochemical analysis; the

second sample was immediately frozen at −80◦C and used for

microbiological analysis; and the third sample was also air-dried

at room temperature but kept in a dark and dry place for

backup purposes.

2.3. Soil analysis

Soil bulk density was measured using the ring knife method.

The analysis and determination methods for soil humus and

optical properties were adopted from the study by Dou (2010).

Specific experimental operations were as follows: 5.00 g of oil

passed through a 0.25-millimeter sieve was weighed into a low-

speed centrifuge tube; 30ml of distilled water was added and

stirred evenly with a glass rod; the tube was then placed on

a constant temperature water bath oscillator (70 ± 2◦C, 145

r/min) for 1 h and centrifuged at a low speed of 3,500 r/min

for 15min. The supernatant was filtered into a 50-ml volumetric

bottle with a quantitative filter paper, and the residue was washed

once with 20ml distilled water to obtain WSS (water-extracted

organic matter). Moreover, 30ml of lye mixed from 0.1 mol/L

NaOH and Na4P2O7 was added to the residue in the centrifugation

tube, mixed evenly with a glass rod, and then extracted for 1 h

by shaking on a constant temperature water bath oscillator (70

± 2◦C, 145 r/min). After the removal, it was centrifuged at 3,500

r/min for 15min, filtered with a quantitative filter paper into a

50-ml volumetric bottle, and the residue was washed with 20-ml

mixed lye, filtered into the volumetric bottle, and filled up with

distilled water to a constant volume. The soluble solution is HE

(extractable humus substance). Then, 30ml of the HE solution was

poured into a 50-ml Erlenmeyer flask, and 0.5 mol/L of H2SO4

solution was added to adjust the pH to 1.0–1.5. The acidified

solution was incubated in a water bath at 60–70◦C for 2 h and left

to rest overnight. The following day, the solution was filtered with

a quantitative filter paper, the precipitate was HA (humic acid), and

the solution was FA (fulvic acid). The HA precipitate was washed

three times with a 0.05-mol/L H2SO4 solution, and the solution

was discarded. Finally, the HA precipitate was dissolved in a warm

(60◦C) 0.05-mol/L NaOH solution in a 50-ml volumetric bottle

and finally dissolved in a 0.05-mol/L NaOH solution. The residue

in the centrifuge tube was humin (HM), which was washed in

distilled water three times. After centrifugation, the precipitate was

dried, finely ground, and screened for determination. FA and HA
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were measured using a Shimadzu TOC analyzer (TOC-L, CPH).

Analysis of SOM andHMwas performed using the K2CrO7-H2SO4

oxidation method (Walkley and Black, 1934).

The PQ value is an indicator of the degree of humification in

the soil. It is commonly used to assess the maturity and stability

of soil organic matter. The PQ value is calculated by dividing the

content of humic acid (HA) by the sum of humic acid (HA) and

fulvic acid (FA). A higher PQ value indicates a higher proportion

of humic acid in the organic matter, indicating a higher degree of

humification. The changes in PQ value can reflect the processes

of organic matter formation and decomposition in the soil and

the influence of environmental factors such as soil texture and

vegetation type on organic matter. The calculation formula is

as follows:

PQ =

HA

HA+ FA
(1)

A 1:5 soil-water ratio was used to extract and analyze water-

soluble salts. pH, EC, Na+, K+, Ca2+, Mg2+, CO2−
3 , HCO−

3 ,

Cl−, SO2−
4 and other major ion concentrations were determined.

A conductivity meter was used to measure EC1:5, and a pH

meter was used to measure soil pH1:5. Na+, K+, Ca2+, and

Mg2+ ion concentrations were determined using atomic absorption

spectrophotometry, and CO2−
3 and HCO−

3 were determined

using double indicator neutralization titration. Cl− ions were

determined using silver nitrate titration and SO2−
4 ions using

barium sulfate turbidimetry.

The soil sodium adsorption ratio (SAR) is an indicator that

measures the relative proportion between the content of sodium

ion and the content of other ions, such as calcium and magnesium,

in the soil. It can be used to assess the degree of soil salinization and

alkalization. SAR is calculated using Equation 2 (Chi et al., 2011):

SAR =

[Na+]
√

([Ca2+]+ [Mg2+])/2
, (2)

where [Na+], [Ca2+], and [Mg2+] are the corresponding ion

concentrations in mmolc/L, and the unit of SAR is (mmolc/L).

Total alkalinity was calculated using the following formula:

Total alkalinity = CO2−
3 +HCO−

3 (mmolc/L) (3)

Mean weight diameter (MWD) stands for mean weight

diameter, which is a measure of soil aggregate stability. Soil

aggregates are groups of soil particles that are bound together

by various forces. Soil aggregate stability indicates how well the

aggregates resist breaking apart when exposed to external forces,

such as water or wind erosion. Soil aggregate stability is important

for soil structure, water infiltration, nutrient cycling, and plant

growth. The wet sieving method was used to divide soil aggregates

into four size fractions: (i) macroaggregates (>2.0mm), (ii) small

aggregates (0.25–2.0mm), (iii) microaggregates (0.053–0.25mm),

and (iv) silt and clay (<0.053mm). Approximately 100 g of air-

dried soil moistened to field capacity after soaking was immersed

in water over a sieve (2mm, 1mm, 0.25mm, and 0.053mm),

oscillating at a frequency of 30 times per minute for 2min with

a vertical amplitude of 3 cm. Soil aggregates on the sieve were

collected, dried at 50◦C for 3 days, and weighed. Material passing

through the 0.053-mm sieve was not collected but calculated by

subtracting the remaining weight from the total 100 g.

The MWD was calculated using Equation 4:

MWD =

n
∑

i=1

Xi Wi, (4)

where Xi is the average diameter (mm) of sieved aggregates in

any particle size range and Wi is the weight percentage (%) of

aggregates in any particle size range, where i= 1, 2, . . . , 4 represent

the aggregate size classes such as >2.0mm, 0.25–2.0mm, 0.053–

0.25mm, and <0.053mm, respectively (Kemper and Rosenau,

1986).

2.4. Soil DNA extraction, PCR amplification,
and Illumina sequencing

Nucleic acid was extracted using the OMEGA Soil DNA

Kit (D5625-01) (Omega Bio-Tek, Norcross, GA, USA). For

the extracted DNA, 0.8% agarose gel electrophoresis was

carried out to determine the molecular size, and a UV

spectrophotometer was used to quantify the DNA. In this

analysis, the 16S rRNA gene was amplified by PCR using the

primer pairs 341F (5′-barcode + CCTACGGGNGGCWGCAC-

3′), 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The

ITS2 rDNA gene was amplified by PCR using the primer

pairs ITS3-KYO2 (GATGAAGAACGYAGYRAA) and ITS4

(TCCTCCGCTTATTGATATGC). Later, 2×250-bp paired-end

sequencing was performed on the Illumina NovaSeq machine

using the NovaSeq 6000 SP Reagent Kit (500 cycles).

We implemented a complete pipeline using the DADA2 R

package (Callahan et al., 2016) (version 1.14) to convert pair-

ended fastq files from the sequencer to merged, denoised, chimera-

free, and inferred sample sequences. Paired-end denoised reads

were merged into raw Amplifier Sequence Variant (ASV) with a

minimum overlap of 12 bp. Chimera sequences were identified and

deleted by the UCHIME algorithm (Edgar et al., 2011). After the

removal of chimeras, the denoised, chimera-free ASV sequences

and their abundances were output. Finally, a naive Bayesian model

with a confidence threshold value of 0.8 was used to classify the

representative ASV sequences into different organisms using an

RDP classifier (Wang et al., 2007) (version 2.2) based on the

SILVA database (Pruesse et al., 2007) (version138.1) or the ITS2

UNITE (Unified System for the DNA-based fungal species linked

to the classification) database (Ankenbrand et al., 2015) (version

update_2015). We excluded chloroplasts, mitochondria, and rare

ASVs (relative abundance <0.005%) of bacteria and archaea.

2.5. Statistical analysis

Differences in the physicochemical properties and the

microbial characteristics of soil under different plant communities

were compared using a one-way analysis of variance and LSD

tests. To meet the statistical premise of homoscedasticity of

data, the data were passed through Levene’s test based on the
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raw or log-transformed data before the ANOVA and LSD tests.

The correlation between them was analyzed using Pearson

correlation analysis. The R (4.1.3) “linkET” package (https://

github.com/Hy4m/linkET) was used to plot heatmaps. The R

“vegan” package was used to perform principal coordinate analysis

(PCoA) to reveal differences in soil bacterial communities under

different communities, and the Mantel test and redundancy

analysis (RDA) were performed to investigate the relationship

between environmental factors and bacterial and fungi community

structure. Permutational multivariate analysis of variance

(PERMANOVA) was performed on the Bray-Curtis distance using

Adonis from the vegan package (https://github.com/vegandevs/

vegan). Variance partitioning was analyzed using the varpart

function from the vegan package to assess the relative effects of

different plant community types, soil properties, and electrical

conductivity on changes in community composition. Indicator

species analysis was performed using the indicspecies package to

identify taxa significantly associated with a given habitat at the ASV

level (https://github.com/cran/indicspecies), and the significance

of the association was evaluated at a false discovery rate (FDR) with

a corrected p-value of <0.05 (Benjamini and Hochberg, 1995).

3. Results

3.1. Soil properties of di�erent plant
communities

Soil physical and chemical properties under the investigated

plant communities differed significantly (Table 1). The pH, EC,

SAR, total alkalinity, and bulk density of LC and PA were

significantly lower than those of other plant communities. LC

and PA significantly increased the MWD of the soil. The soil

organic carbon content under different vegetation communities

varied from 3.64 to 11.15 g/kg, and the soil organic carbon content

of the LC community was the largest. The trend of water-soluble

organic carbon (WSS) content differed from that of organic carbon,

and the WSS content was higher in PA and BL. The largest

constituent of organic matter was humin, and its content under

LC was the highest. However, the humin content under PC was

significantly higher than that under PA. Fulvic acid and humic

acid contents were significantly different in under-investigated

plant communities, and their content under LC was the highest.

The PQ ratio, which indicates the degree of humification of soil

organic matter, ranged from 0.53 to 0.63 among different plant

communities. LC had the highest PQ ratio (0.63), indicating a

higher degree of humification and a higher quality of humus, while

PA had the lowest PQ ratio (0.53), indicating a lower degree of

humification and a lower quality of humus.

3.2. Soil bacterial community composition
and diversity

There are 36 phyla of bacterial communities in the

soil of different plant communities, mainly composed of

Proteobacteria (20.2%), Actinobacteria (12.84%), Bacteroidetes

(11.96%), Acidobacteria (9.16%), Gemmatimonadetes (8.88%),

Planctomycetes (8.87%), Firmicutes (5.73%), and Chloroflexi

(5.15%). Eleven phyla of fungi were identified, with the most

prevalent being Ascomycota (61.77%), Mortierellomycota

(10.69%), and Basidiomycota (5.26%). Among bacteria, the relative

abundance of Actinobacteria in LC, CV, and PA was significantly

decreased and Acidobacteria was significantly increased in LC

and PA community soils (Figure 2). In addition, Verrucomicrobia

and Patescibacteria were increased in LC soil. The abundance

of Bacteroidetes and Gemmatimonadetes was highest in SG soil.

Most of the fungi belonged to Ascomycota, especially in SG and

CV community soil samples. PA and LC communities promoted

the abundance of Mortierellomycota, and BL provided the highest

abundance of Mucoromycota out of all communities.

The 30 genera of bacterial and fungal communities were

analyzed further to compare their relative abundance, indicator

species status, and ecological functions in different plant

communities. The relative abundance of the 30 most abundant

genera accounted for 20.61% and 37.19% of bacterial and fungal

abundance, respectively (Figure 3). Most of these genera (29 for

bacteria and 29 for fungi) were also identified as indicator taxa.

Abundant bacteria came from Proteobacteria, Planctomonas,

Bacteroidetes, and Acidobacteria, belonging to Halomonas,

Nitrolancea, and Urania-1B-19_marine_sediment_group.

Rhodopirellula is a unique indicator genus of BL. Indicator

species belong to the CV community, including Pir4_lineage,

Pseudomonas, Acinetobacter, Blastocatella, Stenotrophobacter,

and Flavisolibacter. LC has its own indicators: Pirellula, RB41,

Streptomyces, AKYG587, and Candidatus_Udaeobacter. Ralstonia,

Bryobacter, Sphingomonas, Flavobacterium,Nitrospira, Terrimonas,

and Subgroup_10 are indicator species belonging to the PA plant

community. Truepera, Anditalea, Pontibacter, Ilumatobacter,

Azoarcus, Bacillus, and Luteolibacter are the indicator species of

PC. The abundant fungi come from Ascomycota, and the indicator

species of the BL community include Cercospora, Ascochyta,

Cunninghamella, Candida, and Aspergillus. Periconia is not

an indicator species; the rest are indicator species of different

plant communities.

In the soda-saline environment (Figure 4), among the bacteria,

the diversity of PA was the highest, followed by LC, which was

higher than that in other communities. In fungi, the diversity of

LC was the highest, and the Shannon index of SG was significantly

lower than that of the BL plant community. In addition, the

observed species of the phylogenetic bacterial community of ASV,

Fisher, Chao1, and ACE were positively correlated with the fungal

community (Figure 5).

PCoA plots based on Bray-Curtis distances clearly showed that

there were significant differences between fungal and bacterial soil

microbial communities (Supplementary Table S2). In the case of

bacteria, environmental factors explained 33.3% of the community

variation, and for fungi, environmental factors explained 35.8%

of the community variation. Variations in bacterial and fungal

communities were mainly explained by pH. The SOC explained

more variation for fungi (0.086 vs. 0.063) than bacteria (Figure 6).

3.3. Factors a�ecting soil organic matter in
di�erent plant communities

Pearson correlation analysis showed that Actinobacteria,

Gemmatimonadetes, and Ascomycota were significantly
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TABLE 1 Soil chemical properties under di�erent plant communities.

BL CV SG PC PA LC

WSS (g·kg−1) 0.17± 0.02b 0.12± 0.01cd 0.11± 0d 0.11± 0.01d 0.23± 0.02a 0.13± 0.02c

FA (g·kg−1) 0.19± 0.02f 0.52± 0c 0.44± 0d 0.27± 0.03e 1.11± 0.06b 1.25± 0.04a

HA (g·kg−1) 0.26± 0.02e 0.65± 0.01c 0.65± 0.02c 0.36± 0.02d 1.26± 0.17b 2.13± 0.05a

HM (g·kg−1) 2.98± 0.04e 4.42± 0.23d 5.68± 0.19c 6.67± 0.18b 5.71± 0.11c 7.76± 0.19a

SOC (g·kg−1) 3.64± 0.02e 5.97± 0.06d 7.04± 0.02c 7.15± 0.05c 8.24± 0.2b 11.15± 0.29a

PQ 0.57± 0.04bc 0.56± 0.01bc 0.6± 0.01ab 0.57± 0.01bc 0.53± 0.05c 0.63± 0a

pH 10.65± 0.05a 10.42± 0.08b 10.63± 0.03ab 10.53± 0.06ab 9.51± 0.13c 9.39± 0.27c

EC1:5 (dS·m
−1) 4.86± 0.84a 0.87± 0.14c 2.34± 0.46b 1.19± 0.06c 0.18± 0.04d 0.18± 0.07d

BD (g·cm−3) 1.55± 0.02a 1.48± 0.04b 1.47± 0.03bc 1.41± 0.05c 1.33± 0.04d 1.31± 0.05d

Total alkalinity

(mmolcL
−1)

32.2± 8.84a 6.85± 0.66cd 17± 2.4b 9.85± 1.09c 2.3± 0.35d 2.5± 0.35d

SAR (mmolcL
−1) 28.5± 6.34a 6.34± 1.37cd 17.43± 2.23b 8.19± 0.66c 2.23± 0.63d 2.39± 0.92d

MWD 0.26± 0.01cd 0.46± 0.03b 0.19± 0.06d 0.31± 0.05c 0.61± 0.06a 0.64± 0.04a

Soil moisture content

(%)

11.75± 2.22c 14.00± 1.82c 11.89± 1.44c 26.01± 2.90a 19.11± 1.19b 23.45± 1.08a

Values are the mean± standard error (n= 4); the different letters in the same row indicate significant differences (p < 0.05) at different restoration types via the LSD test.

BL, bare land without vegetation on the surface; CV, Chloris virgata; LC, Leymus chinensis; PA, Phragmites australis; PC, Puccinellia chinampoensis; SG, Suaeda glauca; WSS, water extracted

organic matter; FA, fulvic acid; HA, humic acid; HM, humin; SOC, soil organic carbon; EC, electrical conductivity; BD, bulk density; SAR, sodium adsorption ratio; and MWD, mean

weight diameter.

FIGURE 2

Relative abundances of the soil bacterial (A) and fungal communities (B) at the phylum level under the investigated plant communities.

negatively correlated with FA, HA, and SOC. Acidobacteria

and Mortierellomycota were significantly positively

correlated with WSS, FA, HA, and SOC (p < 0.05).

Gemmatimonadetes and Ascomycota were significantly

correlated with WSS (Table 2). Redundancy analysis showed

that soil environmental factors and microorganisms accounted

for 78.34% of the total variation in SOM components

(Figure 7), and bacterial communities, pH, MWD, and fungi

communities were the main factors affecting SOM components

(Supplementary Figure S2).
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FIGURE 3

Distribution of the top 30 most abundant taxa (genus), their relative abundance, and indicator roles in the bacterial (A) and fungal (B) communities.

FIGURE 4

Alpha diversity of bacteria (A–E) and fungi (F–J) in di�erent plant communities.
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FIGURE 5

Relationships of bacterial alpha diversity to fungal diversity across di�erent plant communities.

FIGURE 6

Di�erences in soil bacterial and fungal communities (A, D). Redundancy analysis (B, E) shows bacterial and fungal communities and environmental

factors between soils of di�erent plant communities. (C, F) The contribution of soil organic matter (SOC), soil pH, and soil electrical conductivity (EC)

to the composition of bacterial and fungal communities based on variance distribution analysis. BL, bare land without vegetation on the surface; CV,

Chloris virgata; LC, Leymus chinensis; PA, Phragmites australis; PC, Puccinellia chinampoensis; SG, Suaeda glauca; WSS, water-soluble organic

matter; FA, fulvic acid; HA, humic acid; HM, humin; SOC, soil organic carbon; EC, electrical conductivity; BD, bulk density; and SAR, sodium

adsorption ratio.

4. Discussion

Studies have shown that vegetation has a certain resistance to

soil salinity (Negrão et al., 2016; Ma et al., 2020; Han et al., 2021).

Bare land has the highest soil salinity. Among vegetation types, the

reduction of soil salinity was most obvious in PA and LC, which

can be attributed to the elevated organic matter content and MWD

of PA and LC. These factors facilitate microorganisms’ enhanced

diversity and activity, leading to the dissolution of soil CaCO3.

As a result, Na+ ions adsorbed on the surface of soda-

saline soil are effectively replaced by Ca2+ ions, expediting the

desalination process and improving the physical and chemical
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TABLE 2 Correlations between soil microbial communities and soil humus.

WSS (g/kg) FA (g/kg) HA (g/kg) HM (g/kg) SOC (g/kg)

Proteobacteria 0.280 0.247 0.104 −0.088 0.016

Actinobacteria −0.292 −0.689∗∗ −0.560∗∗ −0.334 −0.520∗∗

Bacteroidetes 0.061 −0.220 −0.262 −0.248 −0.249

Acidobacteria 0.474∗ 0.863∗∗ 0.760∗∗ 0.391 0.628∗∗

Gemmatimonadetes −0.441∗ −0.664∗∗ −0.601∗∗ −0.182 −0.407∗

Planctomycetes −0.376 −0.065 0.031 0.075 0.054

Firmicutes −0.273 −0.088 0.034 0.309 0.182

Chloroflexi 0.162 −0.390 −0.420∗ −0.660∗∗ −0.603∗∗

Ascomycota −0.482∗ −0.564∗∗ −0.504∗ −0.279 −0.413∗

Mortierellomycota 0.661∗∗ 0.835∗∗ 0.726∗∗ 0.374 0.605∗∗

Basidiomycota −0.320 −0.370 −0.313 0.029 −0.145

∗ and ∗∗ indicate significance at 0.01 < p < 0.05 and 0.001 < p < 0.01 respectively.

WSS, water-soluble organic matter; FA, fulvic acid; HA, humic acid; HM, humin; and SOC, soil organic carbon.

FIGURE 7

Ordination plots of redundancy analysis to identify the relationships among soil bacteria, fungal communities, environmental factors, and soil humus.

BL, bare land without vegetation on the surface; CV, Chloris virgata; LC, Leymus chinensis; PA, Phragmites australis; PC, Puccinellia chinampoensis;

SG, Suaeda glauca; EC, electrical conductivity; BD, bulk density; SAR, sodium adsorption ratio; and MWD, mean weight diameter.

properties of the soil (Qadir et al., 2007). Owing to the high

pH of the soil and its high electrical conductivity, the rate of

soil humification was affected, the accumulation of humus was

reduced, and the conversion rate of FA to HA in the soil was

also slow, resulting in a low PQ value (Zhao et al., 2019). With

the regeneration of LC communities, biomass increases, which

strengthens the arrangement of soil particles, further promotes the

assembly of microaggregates into macroaggregates, and enhances

soil structural stability with higher MWD, which helps keep

organic matter from erosion and decomposition (Zhao et al., 2018;

Feng et al., 2021). In our study, SOCs of different vegetation

communities showed an obvious increasing trend from bare

land to squares covered by adapted vegetation. Regarding the

increase in soil HA and FA contents with increasing SOC content,

the increase in SOC content under different vegetation types

was also accompanied by higher MWD and higher proportions

of HA and FA in SOM, indicating improved soil structure

and humus quality. For different vegetation types, soil salinity

and soil organic carbon content showed a significant negative

correlation, and salinity had a small correlation with soil PQ value

(Supplementary Figure S1). This showed that soil salinity under

different plant communities affected the total soil organic carbon

content. In the case of high salinity, soil organic carbon content

was low. High salinity affects the growth of plants and reduces the

return of organic residues to the soil, resulting in a decrease in soil

organic matter.
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Spontaneous vegetation regeneration significantly influences

the diversity or richness of soil microbial communities (Liu et al.,

2021). Chang et al. (2022) sequenced soil bacterial communities

under different vegetation conditions and found that vegetation

coverage can significantly increase bacterial ACE, Chao1, Shannon,

and Simpson index communities. This is consistent with our

findings that plant community reestablishment can enhance soil

microbial diversity. Our results showed that Proteus, Acidobacteria,

Actinomycetes, Bacteroidetes, and Monoas are the main bacterial

species at all examined vegetated sites. In communities with higher

SOC, such as LC and PA, the abundance of the Acidobacteria

phylum is significantly increased. In addition, the abundance of

the Actinomycetes phylum decreased, which is consistent with

findings from previous studies and shows that these phyla are

common and ubiquitous in soil (Dai et al., 2017). Acidobacteria

harbor a broad library of carbohydrate-active enzymes that encode

a wide range of carbohydrates and are involved in the breakdown,

utilization, and biosynthesis of a wide variety of carbohydrates

(Dedysh and Damsté, 2018). Acidobacteria play a beneficial

role by selectively regulating the ecological processes of the

host ecosystem. These bacteria provide two important ecological

services, namely SOM decomposition and denitrification, to

enhance carbon stability (Banerjee et al., 2018). These bacteria

may enhance the key ecological process of soil carbon fixation. As

members of Acidobacteria have been identified as the structural

and functional cornerstone of the plant-soil microbiome and

agricultural ecosystem (Kalam et al., 2020), studies have shown

that Acidobacteria have a positive effect on plant root growth

(da Rocha et al., 2010). Therefore, their existence can improve

the performance and productivity of plants. Actinomycetes are

K-strategy microorganisms resistant to stress (Bérard et al., 2015).

Most of the fungi belonged to Ascomycota. SG and CV

significantly increased the abundance of Ascomycota. PA

and LC plant communities increased the abundance of

Mortierellomycota. BL significantly increased the relative

abundance of Mucoromycota. It was reported in the literature

that Ascomycetes were not adapted to grow in high-nutrient

environments (Wu et al., 2019). Therefore, the increase in the

relative abundance of Ascomycetes resulted from the higher salinity

and lower organicmatter content of SG and CV plant communities.

According to the redundancy analysis, the content and

composition of soil organic matter varied significantly among

different plant communities, which was mainly related to

bacterial communities, pH, MWD, and fungal communities

(Supplementary Figure S2). Among these factors, pH was the most

important factor causing the difference in microbial communities

(Figure 5). As the plant residues enter the soil, the differences in the

microbial communities of plant communities lead to differences in

the nature of soil organic matter produced by the decomposition

of the residues (Kallenbach et al., 2016; Domeignoz-Horta et al.,

2021). LC and PA plant communities can reduce soil pH, cause soil

particles to aggregate (Wong et al., 2010), improve soil aggregation,

protect soil organic matter from decomposition (Zhang et al.,

2021), and change the soil microbial community, increasing soil

organic matter content. This indicates that soil pH can indirectly

affect the content and composition of soil organic matter by

regulating soil microbial communities and soil aggregation ability,

which shows that reducing soil pH is a key step in the process

of restoring vegetation in soda-saline soil to increase soil carbon

sequestration and fertility in the future.

5. Conclusion

During our soda-saline vegetation restoration tests, distinct

plant communities exhibited the capacity to elevate SOC

content and modify its composition compared to bare land.

Concurrently, there was a noticeable enhancement in soil

aggregation, bolstering plant productivity. Furthermore, these

findings underscore the pivotal role of soil microbial communities

in orchestrating organic matter alterations. An affirmative

correlation was established between SOC content, Acidobacteria,

and Mortierella, while Actinobacteria, Gemmatimonadetes,

Ascomycota, and SOC content displayed significant negative

correlations. Notably, pH emerged as a potent explanatory factor,

accounting for 11.4% and 12.2% of the variability observed

in soil bacteria and fungi, respectively. Hence, pH emerged

as the primary driver behind microbial transformations. The

observed disparities in SOC composition and content within

soda-saline vegetation can primarily be attributed to variations in

pH levels.

Consequently, reducing soil pH emerges as a pivotal step

in the prospective process of vegetation restoration in soda-

saline environments. The prohibition of grazing practices

holds the potential to elevate soda-saline SOC content and

foster microbial diversity. Among the spectrum of different

vegetation types, Leymus chinensis and Phragmites australis

stand out due to their heightened SOC carbon content and

microbial diversity.
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